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PAIN 


By M. L. TAINTKR 

Sterlinff-Winthrop Research Institute, Rensselaer , New York 

. . . PAIN IS PERFECT MISERY, THE WORST 
OF EVILS; AND, EXCESSIVE, OVERTURNS 
ALL PATIENCE. 

S O cried Milton in Paradise Lost 1 ; but the somber concern of the poet 
three hundred years ago, unfortunately, is still too much with us 
even today. Hence, the urge that draws us together in this conference to 
scrutinize the achievements of the recent past and to cast exploratory 
glances into the near future when, we hope, pain will be so completely 
controllable as to be no longer a major cause of anguish or suffering. 

The history of man’s continuous struggle to alleviate pain extends 
back through the centuries to earliest man. The story begins as thin 
threads of legend, fact, and fancy winding their way through the early 
ages in mythological writings, through the cultures and religious rituals 
of the ancient Hebrews, Egyptians, Greeks, and Romans, perilously sur¬ 
viving the Dark Ages, to emerge* into the great modern era of synthetic 
analgesics, anesthetics, and narcotics. These developments arc truly 
monuments to the creative genius of man. 

The long story of 1 he origin of modern analgesic drugs may be divided 
into four major eras. The first of these was characterized by man’s dis¬ 
covery and use of natural plant products; the second, by the isolation 
of the pure alkaloids from these natural sources and their first use as 
therapeutic agents. The third great era of progress consisted of the de¬ 
velopment of organic chemistry with the consequent introduction of the 
first synthetic analgesic drugs. The 1 fourth, or modern period, lias been 
cluiractorizod by the development of quantitative pharmacological meth¬ 
ods of testing making possible the systematic development of synthetic 
drugs which are even more potent than those produced by nature. 

The first of these great eras began with primitive man’s groping in 
the darkness of superstition and early religious mysticism. Probably 
the earliest altitude of our aboriginal forefathers toward pain was to 
consider it as a demon or evil spirit. K (forts were math' to appease, or 
frighten away, these pain demons with rings worn in lhe ears and noses or 
with amulets, liger claws, talismans, and similar charms to ward off the 
evil spirits of pain. In addition, 1 ! he bodies were often tattooed or scarified 
to frighten away the demons. Gradually, those procedures were replaced 
by the medicine man, conjurer or shaman of the tribe. He muttered 
magic incantations and wrestled and fought with the invisible pain de¬ 
mons, and then later in history gradually began to administer natural 
remedies selected through empirical observations. As the centuries 
flowed on, the medicine man was slowly replaced by the priest, who was 

[3 1 
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considered tlie servant of the gods. Along with the natural remedies, the 
prie&t relied on prayer, and the fate of the patient was thus entrusted 
to a higher power. The classic example of tliis era was the blond god¬ 
dess Agamede of the Greeks who was considered to wield exclusive 
power over the demons of illness and pain. 

Numerous examples of the intertwining of religious lore with medicine 
might be cited from the Bible. The story of the creation of Eve in the 
second chapter of Genesis 2 may be considered as an allegorical descrip¬ 
tion of an early painless operation: 

And the Lord God caused a deep sleep to fall upon Adam, and he slept; and He took one 
of his ribs, and closed up the flesh instead thereof. 

With the birth of Christianity, a new concept of the relief of pain 
developed, based on divine healing through laying-on of hands and 
prayer. One of the primary tasks of the Son of God and his followers was 
the banishment of the suffering of all mankind. Therefore, the church of 
the Early and Middle Ages devoted much attention to the healing min¬ 
istrations of its clergy. 

The origin of the medicinal use of herbs is lost in the obscurities of an¬ 
tiquity. It is probable that early man, experimenting with various plants 
as foods, discovered that some of them were efficacious in assuaging pain 
and curing disease. It has been suggested that the early herbalist, find¬ 
ing that his skill brought him special prestige and profit, surrounded his 
knowledge with mystery and cant, thus identifying himself with the 
gods and increasing his importance and success. At any rate, the in¬ 
cantations, the amulets, and the rituals performed to call forth the mer¬ 
ciful intervention of the gods were indispensable adjuncts to the pre¬ 
scriptions concocted by early physicians. The mystic herb concoctions 
and other professional secrets were handed down by the sorcerers, magi¬ 
cians, and sacrificial priests so that from this arose much of the natural 
science among the peoples of ancient Babylon, Egypt, Israel, Eastern 
Asia, Greece, and Rome. 

The “divine drugs of sleep,"’ and syrups that produced insensibility, 
were prominent in all ancient cultures. The earliest records recount leg¬ 
ends on the effects of such plants as the poppy, mandragora, hemp, and 
henbane, whose narcotic properties gave comfort to all sufferers. The 
writings of Hippocrates, Pliny, Dioscorides, and others contain many 
references to the production of insensibility to pain by the use of alco¬ 
hol, alcoholic extracts of opium, or the administration of mandragora or 
other stupefying drugs. 

The first written records mentioning remedies for pain are probably 
those contained in ancient Babylonian clay tablets said to date back to 
2250 b.c. One of these describes a remedy for the pain of dental caries 
which, according to Prinz, 3 was a cement consisting of henbane seeds 
in powdered form mixed with gum mastic, which was applied to the cav¬ 
ity in the tooth. The Ebers Papyrus, reputedly written in 1552 b.c., con- 
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tains a collection of early Egyptian prescriptions and formulae, some of 
which contained opium, henbane, and mandragora. A prescription con¬ 
sisting of opium, coriander, wormwood, juniper, and honey is described, 
which, according to legend, was a remedy of divine origin which Isis pre¬ 
scribed for Ra’s headaches. 

The Iliad and the Odyssey of the Greek poet Homer, presumably 
written during the ninth century b.c., both contain references to the use 
of analgesic drugs for relief from pain. In the Iliad, Erypylus, wounded 
in battle, makes this request of Patroclus: 

With lukewarm water wash the gore away. 

With healing balms the raging smart allay, 

Such as sage Chiron, sire of Pharmacy, 

Once taught Achilles, and Achilles thee. 

Patroclus carried out his request and: 

Cut out the biting shaft; and from the wound 
With tepid water cleansed the clotted blood; 

Then pounded in his hands, the root applied 

Astringent, anodyne, which all his pain 

Allay’d; the wound was dried, and stanched the blood. 

In the Odyssey, Homer records that Helen, the daughter of Zeus, pre¬ 
pared a drug, possibly opium, dissolved in wine, to sleep off grief and 
anger and to forget pain: 

Presently she cast into the wine whereof they drank, a drug to lull all pain and anger, 
and bring forgetfulness to every sorrow. 

According to Macht, 4 the first authentic reference to the milky juice 
of the poppy is in the 'writings of Theophrastus in the third century b.c. 
The mandragora plant, or mandrake, is also described by Theophrastus 
in his Enquiry into Plants , 5 as follows: 

The leaf of mandrake, they say, is useful for wounds, and the root for erysipilas, when 
scraped and steeped in vinegar, and also for gout, for sleeplessness, and for love potions. 

Scribonius Largus in his Compositicmes Medicamentorum, written about 
40 a.d., 6 described the method for procuring opium and pointed out that 
the opium of commerce was derived from the capsules and not from the 
foliage of the plant. 

Probably one of the first references to analgesic pills was made by 
Celsus 7 in his De Medicina , written during the first century a.d., which 
reads: 

Pills are also numerous, and are made for various purposes. Those which relieve pain 
through sleep are called anodynes; unless there is overwhelming necessity, it is improper 
to use them; for they are composed of medicaments which are very active and alien to the 
stomach. There is one, however, which actually promotes digestion; it is composed of 
poppy-tears and galbanum, myrrh, castory, and pepper.... Another, worse for the 
stomach, but more soporific, consists of mandragora, celery seed, and hyoscyamus seed, 
which are rubbed up after soaking in wine. 

Also in the first century a.d., Dioscorides, who served as a surgeon in 
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the armies of Nero, wrote so extensively on drugs that he has often been 
called the Father of Pharmacy. His Greek Herbal\ which has been de¬ 
scribed as the first materia medica, contains rather detailed discussions 
of the botany and medicinal uses of the opium poppy, the mandragora 
plant, henbane, and hemp. As can be seen from the following lines taken 
from the section on Mekon agrios $ enter os, as translated by John 
Goodyer in 1655,^ Dioscorides plainly distinguished between the juice 
of the capsules of the opium poppy and extracts from the entire plant, 
and described exactly how the capsules should be incised. 

But it behooves them that make Opium after that the dew is dried away to scarify about 
the asterisck with a knife, so that it do not pierce into ye inside, & from ye sides of the 
head make straight incisions in ye outside, & to wipe off a tear that comes o ut with ye finger 
into a spoone, & again to return not long after, for there is found another (tear) thickened, 
& also on the day after. But it must be beaten in a mortar, & be laid up when made into 
trochiscks, but in ye cutting it, you must stand back, to ye end that the liquor be not wiped 
away of your clothes. 

Ye seed of the black Poppy beaten small is given to drink with wine for ye flux of ye 
belly, & ye womanish flux. It is applied unto such as cannot sleep with water upon ye 
forehead and the temples, but the liquor itself is more cooling & thickening & drying. A 
little of it taken as much as a grain of Ervum, is a pain easer & a sleep causer, & a digester, 
helping coughes, & Coeliacall affections. But being drank too much, it hurts, making 
men lethargicall & it kills. 

Dioscorides also gives a good description of the drug mandragora 8b : 

And borne do seeth the roots in w ine to thirds, & straining it set it up. Using a Cyathus 
of it for such as cannot sleep, or are grievously pained, & upon whom being cut, or cauter¬ 
ized they wish to make a not-feeling pain. Ye juice being drank ye muchness of ye quan¬ 
tity of 2 Oboli with Meliorate, doth expel upward Phlegm, and black choler, as Ellebore 
doth, but being too much drank it drives out ye life. 

We may infer from these and other statements of Dioscorides that the 
collection of opium was definitely a branch of industry in Asia Minor 
during the first century a.d. 

At about the same time, Pliny the Elder described mandragora in 
language that leaves no question as to its use as an analgesic 9 : 

Yet it may be used safely ynough for to procure sleepe, if there be a good regard had in 
the dose.... Also it is an ordinarie thing to drinke it against the poyson of serpents: Like¬ 
wise before cutting, cauterizing, pricking or launcing of any member, to take away the 
sence and feeling of such extreame cures. 

The dosage forms of opium, mandragora, henbane, and hemp used at 
this period were crude extracts, syrups, powders, pill masses, poultices, 
ointments, and various complex concoctions dissolved in wine and other 
alcoholic beverages. 

Galen, in the second century a.d., spoke enthusiastically of the vir¬ 
tues of opium and mandragora. He mentions the use of mandragora to 
paralyze sensation and motion, the use of the tears of the poppy in a 
toothache prescription, and other “syrups of sleep” to relieve suffering. 

The teachings of Galen dominated medicine for more than the follow- 
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ing thousand years, and during this time few advances were made in the 
field of analgesic drugs. 

As the ignorance and superstition of the Dark Ages settled over Eu¬ 
rope, the center of medical knowledge shifted to the Arabs. Avicenna, 
the dominant figure of the Arabian school of medicine, codified all avail¬ 
able medical knowledge in his Canon of Medicine , and this, translated 
into Latin, became the authoritative medical textbook of Europe for 
six centuries. According to Robinson, 10 Avicenna discussed fifteen types 
of pain: boring, compressing, corrosive, dull, fatigue, incisive, irritant, 
itching, pricking, relaxing, stabbing, tearing, tension, and throbbing. 
Both Rhazes and Avicenna advocated the use of opium, mandrake, and 
henbane, but these were still used in the ancient prescription forms of 
crude extracts, syrups, powders, pill masses, and other complex concoc¬ 
tions of the crude drugs. 

The somniferant sponge became quite popular in Europe during the 
latter part of the Middle Ages as the medical knowledge of the Arabs 
gradually crept back into Southern Europe. The A ntidotarium of Nicholas 
of Salerno 11 contains the following description of the preparation and 
use of the “Spongia Somnifera 

Take... of opium thebaicum, juice of hyocyamine, unripened berry of the blackberry, 
lettuce seed, juice of hemlock, poppy, mandragora, ivy.... Put these all together in a 
vessel and plunge therein a new seasponge just as it comes from the sea, taking care that 
fresh water does not touch it. And put this in the sun during the dog-days until all the 
liquid is consumed. And when there is need, dip it a little in water not too warm, and 
apply it to the nostrils of the patient, and he will quickly go to sleep. When, moreover, you 
want to awaken him, apply juice from the root of the fennel and he will soon bestir him¬ 
self. 

The origin of our modem tincture of opium or laudanum dates back 
to that famous physician of the Middle Ages, Philippus Aureolus The 
ophrastus Bombast von Hohenheim, commonly known as Paracelsus, 
who lived from 1490 to 1540, and who did much to overthrow the domina¬ 
tion which Galen Ixad exerted over medicine for centuries. Paracelsus 
probably applied the term “laudanum” (something to be praised) to 
several different preparations, all of which contained opium as the basic 
constituent. The laudanum of the early London pharmacopoeias con¬ 
tained opium, wine, and other ingredients. The principal liquid prepara¬ 
tion of opium used in England in the next century was Sydenham’s 
laudanum described by him about 1670. Near the same time, another 
preparation, called Rousseau’s laudanum, was much in vogue on the 
continent. 

The so-called “black-drop” was another celebrated opiate of the 
eighteenth century. This preparation was devised by one Edward Run- 
stall of Auckland and was also known as Lancaster or Quaker’s black- 
drop. A formula for its preparation is given by Macht 4 as follows: 

Opium, J pound; veijuice, 4 pints; nutmegs, 1J ounces; saffron, J ounce. Boil, add two 
spoonfuls of yeast and set in a warm place for six to eight weeks; then decant, filter and 
put in bottles. 
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This preparation was about three times as strong as laudanum and was 
the forebear of the modern English Acetum Opii. 

Another familiar household remedy, “paregoric,” originated with the 
Elixir Asthmeticum of Le Mort, who was a professor of chemistry at the 
University of Leyden from 1702 to 1718. The word paregoric is derived 
from the Greek for “soothing” or “consoling.” The London Pharma¬ 
copoeia of 1746 describes this preparation under the name Elixir Pare - 
goricum , and in 1888 the official name became Tinctura Opii Camphorata . 

Our modern opium pills, or Pilulae Opii , are descended from the old 
English Pilulae Soponis Co ., or Pilulae Soponacae , which in turn are an 
adaptation of the nostrum known as Matthew’s Pills or Starkey’s Pills. 
The famous Dover’s powder of Thomas Dover of Robinson Crusoe fame, 
consisting of powdered opium and ipecac, might also be mentioned in 
passing. 

Thus, at the end of the eighteenth century, we find that opium, man- 
dragora, and henbane were the principal drugs employed for the allevia¬ 
tion of pain. With the exception of a few new prescription forms, these 
natural drugs were still used much the same as the Egyptians, Greeks, 
and Romans had used them two thousand years before. The hundreds 
of years of the Middle Ages had contributed little to man’s search for a 
more effective analgesic agent. Despite its manifold contributions to the 
other sciences, the Renaissance had made a disappointing record in its 
contributions to the relief of pain. The active principles (alkaloids) of 
the natural drugs were still unknown and it was therefore necessary to 
administer the natural drugs themselves in crude form. The potency 
and action of these crude extracts and concoctions were unpredictable 
since there were no methods for standardizing the dosage, and no way 
to control the strength of the raw products used in their formulation. 
Therefore, progress in the field of analgesia reached an early stalemate 
and had to wait to be revitalized by new ideas and concepts. 

The new idea, w’hich initiated the second great era in analgesia, was 
introduced by the young German apothecary, Friedrich Wilhelm Adam 
Sertumer. Although a relatively uneducated apothecary’s assistant, 
Sertiimer conceived the idea of isolating the active constituent of opium, 
developed sufficient skill to obtain the product he desired, and then 
with true scientific fervor proceeded to carry out, not only preliminary 
pharmacological testing on animals, but also clinical applications upon 
himself and his poor unsuspecting friends. His first paper published in 
1806 12 was ignored, but eventually the importance of getting pure crys¬ 
talline drugs out of previously crude and uncertain mixtures was rec¬ 
ognized, and led to the new science of alkaloidal chemistry. Sertumer 
first called his new material PrincipiumSomniferum^ then in 1817 13 named 
his new alkaloid “morphine” after Morpheus, the Greek god of dreams, 
who was one of the many sons of Hypnos, god of sleep. It is perhaps indic¬ 
ative of the importance of analgesia that the first alkaloid to be isolated 
was morphine. 
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Serturner^s work quickly led to the isolation of other opium alkaloids 
such as codeine in 1832 by Robiquet, 14 thebaine by Pelletier in 1835, 15 
and papaverine by Merck in 1848. 16 It ushered in a most prolific scien¬ 
tific period characterized by the extraction and purification of most of the 
important alkaloids from their natural vegetable sources. The isolation 
of quinine, strychnine, cocaine, nicotine, atropine, brucine, emetine, 
narceine, veratrine, caffeine, theophylline, etc., followed quickly on the 
heels of Sertiiraer’s pioneering discoveries. These natural alkaloids 
quickly found wide applications in medicine which have largely persisted 
to the present day. 

The foundation for an entirely new era, the third, in analgesic science 
was laid in 1828, when the young German chemist, Friedrich Wflhler, 
reported his synthesis of urea from inorganic materials. 17 Urea had been 
known for years as a product of animal metabolism and as a constituent 
of urine. Its synthesis by purely chemical means broke down the old dis¬ 
tinction between organic and inorganic chemistry, thus causing the 
overthrow of the theory that a “vital force 11 present in living material 
was necessary for the formation of organic compounds. His magnificent 
discovery paved the way for this third great era in the development of 
analgesics, namely, the period of the first successful analgesic drugs 
made by chemical synthesis. 

This period began with the salicylates in 1827, when Leroux discov¬ 
ered salicin, derived from willow bark. 18 Shortly after, salicylic acid was 
made from salicin by Piria in 1838, 19 from oil of wintergreen by Cahours 
in 1844, 20 and synthesized from phenol in 1860 by Kolbe and Laute- 
mann. 21 Sodium salicylate was used for the first time by Buss in 1875, 22 
and phenylsalicylate in 1886 by Nencki. 23 In 1899, Dreser 24 discovered 
acetylsalicylic acid which he called aspirin from the German word “Spir- 
saure meaning salicylic acid. This is still the most popular analgesic in 
terms of volume of use. Acetanilid was introduced into medicine as an 
antipyretic by Cahn and Hepp in 1886, 25 under the name Antifebrine. 
Acetophenetidin, or Phenacetin, followed in 1887. 26 It was not long be¬ 
fore their importance as antipyretics was overshadowed by their real 
effectiveness as analgesics against many kinds of pain. 

In 1884, fifty-six years after Wohler, Ludwig Knorr, wliile searching 
for a synthetic substitute for quinine, prepared Antipyrine, a compound 
whose analgesic powers probably have not been fully utilized. 27 Knorr’s 
synthesis of Antipyrine marked the beginning of the famous German 
drug industry and ushered in Germany^ forty-year dominance of the 
synthetic drug and chemical field. Aminopyrine (Pyramidon), a still 
more potent compound closely related to antipyrine, was synthesized a 
few years later in 1896 by Knorr and Stolz. 28 This remained the most 
powerful analgesic of synthetic origin until recent times. 

In the fourth, or modem era of analgesia an increased understanding of 
organic chemistry has been coupled with new and quantitative methods 
of testing analgesic drugs. These advances have finally made it possible 
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to synthesize compounds which are better than those found in nature. 
The" development of quantitative tests for analgesic power has been the 
crucial element in this era, since through these methods it became pos¬ 
sible for the first time to follow modifications in potency which accom¬ 
panied systematic changes in the chemical molecule. 

The lead was taken in 1929 by Small, Eddy, and their colleagues under 
the sponsorship of the Committee on Drug Addiction of the National 
Research Council. Their objective was to find a potent analgesic derived 
chemically from the opium group, which would produce the beneficial 
effects of morphine without addiction or undesirable side actions. The 
most important drug to evolve from these studies, Metopon, will un¬ 
doubtedly be given extended consideration in this Conference. 

Finally, in 1939, during a systematic search for antispasmodic agents, 
Eisleb and Schaumann 29 discovered that phenylpiperidine esters had 
sufficiently high analgesic power to be practical therapeutic agents for 
the control of pain. The most generally known of these today is the com¬ 
pound meperidine or isonipecaine. Introduction of this drug was im¬ 
mediately followed by its widespread use, since the new compound con¬ 
trolled pain and smooth-muscle spasm in a liighly efficacious manner 
without many of the disadvantages associated with morphine. 

This recent demonstration that synthetic chemistry could produce 
compounds equal or superior in therapeutic value to the natural opiates 
has stimulated vigorous research, w T hich has resulted in the synthesis of 
compounds of great scientific interest and probable practical value. 
Among these are several analogs of meperidine and a series of com¬ 
pounds with a different type of chemical structure, as represented by 
methadone and isomethadone. Several of these new drugs are even more 
potent in their analgesic effects than morphine. 

At long last, the synthetic chemist and the pharmacologist, with his 
modem concepts of quantitative pharmacology, have teamed up to 
evolve new drugs w r hich already at the beginning of an era surpass the 
best that nature has to offer, and which are notable improvements over 
the preparations which were the sole pain-relievers for tens of centuries. 

Today, we are assembled to summarize and to discuss these recent de¬ 
velopments, and to gain stimulus and insight into the future. If there is 
any such thing as “fecundity by association,” it is not too much to ex¬ 
pect that, in this Conference, there may be conceived a new major era in 
pain control, w'hich ultimately will result in the birth of new modes of 
analgesia, effective beyond all the bounds of our present imagination. 
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CHEMISTRY OF NATURAL 
AND SYNTHETIC ANALGESICS 


By LYNDON F. SMALL 
National Institute of Health, Bethesda , Maryland 

T HERE has been a marked tendency, in recent years, to explain the 
analgesic action of some of the newly de\ eloped synthetic drags in 
terms of certain structural features present in the morphine molecule: in 
particular, a specific positional relationship of a tertiary nitrogen atom 
to a quaternary carbon and an aromatic nucleus. It is notable that most 
of these hypotheses ha\e been evolved after the analgesic action of the 
drugs was discovered, and that they tacitly ignore many instances where 
the key structure is present but little if any analgesic action is observed. 
The value of such speculation will be first apparent when new types of 
analgesics are discovered as a result of its application. As far as can be 
ascertained, both of the most prominent drugs under discussion were 
discovered in a search for spasmolytic agents. 

The first of these, Demerol, Dolantin, pethidine, meperidine, or iso- 
nipecaine was developed by Eisleb 1 in a study of condensation reactions 
of benzyl cyanide in the presence of sodamide. In the original (journal) 
description, benzyl cyanide and &w-(2-chloroethyl) methylamine were 
condensed, and the resulting nitrile subjected to hydrolysis and esteri¬ 
fication in a single step. 


C 6 H 5 CH 2 CN + 


ct ch 2 ch 2 

>ch 3 
c* ch 2 ch 2 


NaNH 2 


C g H s C nch, 

O S |\_ t 3 

CN 


80% H 2 S0 4 
ETOH 


c 6 h 5 cjich 3 

COOEt 


Because of the disagreeable properties of the 6w(chloroethyl)amine, 
a powerful % esicant, efforts have been made to circumvent its use. Ac¬ 
cording to the 0. P. B. report, 2 the I. G. Farbenindustrie process ben- 
zylated diethanolamine, the product was then chlorinated, and con¬ 
densed with benzyl cyanide as in the Eisleb method. The resulting nitrile 
was converted to the ethyl ester, which was then catalytically deben- 
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zylated, and N-methylated with formaldehyde in a continuation of the 
reduction process. 




C ft H 5 CH,a + H N 

x ch 2 ch 2 oh 


/CH-jCH-pH 
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In the preparation of Bemidon, the m-hydroxyphenyl analog of Dem¬ 
erol, w-methoxybenzyl cyanide is used in the sodamide condensation, 
and simultaneous splitting of the methoxyl and hydrolysis of the nitrile 
group are accomplished with 66 per cent hydrobromic acid. 2 

A variation of the Demerol synthesis developed by Bergel et aL z uti¬ 
lizes the condensation of two moles of the methoxymethyl or vinyl ethers 
of 2-chloroethanol with benzyl cyanide. The labile ether linkage is then 
split by mild hydrolytic agents, and piperidine ring-closure performed 
by chlorination and reaction with methyhimine. 


r aCH 2 CH 2 0CH = CH 2 
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Although Demerol and Bemidon seem to be the most active of the 
piperidinecarboxvlic ester types, they do not exhaust the potentialities 
of piperidine analgesics. A number of comparable ketones were investi¬ 
gated by the I.G. 2 and found to be without particular promise. A differ¬ 
ent type of piperidine ester, studied independently by Jensen et al . 4 and 
the Hoffmann-LaRoche group, 5 appears to be more active than the Dem¬ 
erol series. These are derived from N-methyl-4-phenyl-4-hydroxypiper- 
idine. They are prepared by the action of Grignard reagents or organo- 
lithium compounds on 4-piperidones, followed by acylation of the 
organometalKc complex. This is preferable to isolation of the free hy¬ 
droxy compounds, which show considerable tendency to go over into 
unsaturated systems on acylation. 



C 6 H 5 0M g X C 6 H 5 0H 



The most active of these appear to be the 4-propionoxy and 3-methyl- 
4-propionoxy derivatives, which are reputed to surpass morphine in 
analgesic power. 6 


C 6 H 5 ococ 2 h 5 
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N' 
CH 3 


C 6 H s 


OCOC 2 H 5 

& H (ch 3 ) 

ch 3 Ch) 

ch 3 


Since publication of the 0. P. B. report 7 on amidon (10820, metha¬ 
done, Dolophine, Adanon, AN-148, Physeptone), there has been wide¬ 
spread interest in its chemistry and mechanism of formation. The con¬ 
densation of diphenylacetonitnle and 2-chlorodimethylaminopropane in 
tiie presence of sodamide, or potassium tf-butoxide, leads to a mixture of 
isomeric nitrile bases, the chloroamine apparently reacting thr ough a 
cyclic quaternary ammonium form. 8 ' 9 
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Treatment of this nitrile mixture with ethylmagnesium bromide gives 
methadone, and a ketimine which can be hydrolyzed with difficulty to 
isomethadone . 10 

The structures of these isomers have been demonstrated in two differ¬ 
ent ways, utilizing the corresponding nitriles. Bockmiihl 8 replaced the 
CN group with hydrogen by boiling in benzene with sodamide, and iden¬ 
tified the resulting products A and B by synthesis. 
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Methadone is not attacked by Clemmensen reduction, and in the mod¬ 
ified Wolff-Kishner reaction of Huang-Minlon 16 it undergoes an unusual 
type of split, in which the entire ketone chain is lost. The product, 
3*-dimethylamino-l,1 -diphenylbutane, is probably formed through de¬ 
carboxylation of an intermediate carboxylic acid. It was identified by ex¬ 
haustive methylation and conversion to 1,1-diphenylbutane. 15 

Of the drugs of the morphine series, Metopon (methyldihydromor- 
phinone) will first be considered. This compound was evolved by Small 
et alp in the course of a fundamental theoretical study of the remark¬ 
able reaction of thebaine with organomagnesium halides. The starting 
point of the synthesis may be either thebaine or codeine. Thebaine is 
hydrogenated to its dihydro derivative, which may be used as such, or 
hydrolyzed to dihydrocodeinone. The latter is also obtainable by cata¬ 
lytic rearrangement of codeine. Dihydrocodeinone or its enol acetate 18 
is brought into reaction with methylmagnesium iodide, which intro¬ 
duces a nuclear methyl group, probably at the 7-position, and opens the 
oxide ring. 



MfTHYiBiHyoxoTHee/iwoAie. £h/ol. Acer^re. 


It is curious that the ketone group is untouched by excess r ea gent, 
but the morphine ketones are notorious for their indifference to RMgX 
compounds, and the carbonyl may be in the form of an enol organome- 
talKc complex. For closure of the oxide ring, methyldihydrothebainone 
is treated with two moles of bromine, followed by alkali. The undesired 
bromine in the aromatic ring is removed by hydrogenation in the presence 
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of a hydrogen bromide acceptor (or the alkaloid itself, functioning as 
such), and finally the new ketone, methyldihydrocodeinone, is demethyl- 
ated at the methoxyl with one of the usual agents, to yield Metopon. 



MSTHYLDlMYDaaMOAPHlfi/ONC MeTH Yt D/HYDGOQQ&Cf/YOAtG. 


The abnormal behavior of the morphine ketones mentioned above 
has, until recently, made inaccessible the corresponding tertiary alco¬ 
hols resulting from the Grignard reaction. It is found, however, that this 
sluggishness does not extend to reactions involving organolithium re¬ 
agents. 1 * Dihydrocodeinone reacts instantly with methyllithium to give 
6-methyldihydrocodeine, and, by the use of two moles of the reagent 
with dihydromorphinone, the corresponding 6-methyldihydromorphine 
is obtained. The latter is of interest for its prolonged analgesic action. 



DIHYDROMORPHINONE 


NCH 3 



ch 3 

6-METHYLDIHYDROMORPHINE 


Application of this reaction to other morphine ketones, especially to 
methyldihydromorphinone (Metopon), may contribute to knowledge of 
the relationship of nuclear substituents to pharmacological action. 
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EXPERIMENTAL METHODS FOR 
STUDYING ANALGESIA 
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GLASSMAN, ELIZABETH H. JENNEY, and SALLY BOGOLUB 
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S INCE pain is a subjective phenomenon, the testing of analgesic drugs 
in animals must, perforce, be limited to the determination of, and 
change in, their reactive thresholds. While this may correspond closely 
to their pain threshold, we have no way of determining for any species, 
except man, the difference between the reactive and the pain threshold. 
Because many drugs other than analgesics will also modify the reactive 
threshold, analgesic testing of new chemicals in animals must go hand in 
hand with a more extensive screening program to rule out such non¬ 
specific effects as hypothermia, methemoglobinemia, general shock, 
and curare-like action. 

While table 1 summarizes the many methods (see Goetzl 1 for an ex- 

Table l 

Methods for Measurement of the Reactive Threshold in Animals 

D. Chemical 

(1) Acids, potassium 
{2) Croton oil wheal 

E. Pharmacological 

(. 1 ) Antipyretic effect 
{2) Potentiation of depression or co¬ 
deine analgesia 
(3) Straub tail effect 
(4) Action currents of nerves 
(<5) Uricosuric effect 


tensive review) which have been utilized in the past to study analgesic 
and antipyretic drugs, only three methods with their modifications are 
now in general laboratory use. These are graded mechanical stimuli, 
graded electrical stimulation, and graded or timed heat stimuli. 

Mechanical Methods. Von Frey hairs, made of horsehairs of various 
diameters and calibrated on a balance pan, have been used successfully 
by Seevers and Pfeiffer 2 to determine the degree and duration of analge¬ 
sia produced by various opiates in man. Sensitive areas of the face must 
be used and multiple stimulation is required to assure several contacts 
of the needle with pain points. Under these conditions, the horsehairs 
are rapidly broken and must be replaced. To obviate this disadvantage, 
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A. Thermal 

(1) Radiant heat 

а. Variable time 

б. Variable heat 

(2) Contact heat—Reaction time 

B. Electrical 

(1) Cutaneous 

(2) Tooth pulp 

C. Mechanical 

(1) Toothed forceps 

(2) yon Frey hairs 

(3) Pressure 
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Seevers 3 has designed a mechanical algesimeter which allows a small 
weight to be moved along a beam so that a single needle may be weighted 
in a range of 0.10 to 20 grams. This simple apparatus deserves greater 
clinical trial for the study of changes in superficial pain (supain) in clini¬ 
cal patients. 

The toothed forceps and also deep pressure have been used extensively 
in laboratory animals to elicit a squeak or a squeal response. While 
potent analgesics will undoubtedly reduce the squeak response, no one 
has, as yet, published a graded mechanical stimulus which, when used in 
animals, can be validated on a careful statistical basis. 

Electrical Stimulation Methods . Various stimulators have been devised 
and used for the production of painful or irritative currents of high volt¬ 
age and low amperage. When these stimuli are applied to the skin, the 
threshold varies widely from animal to animal and from one human sub¬ 
ject to another. From the data of Macht and Macht, 4 who studied cali¬ 
brated inductorium stimuli applied to the scrotal region of rats, the 
ratio of the standard deviation to the mean is 58 per cent. In close com¬ 
parison with these data from the rat are those of Lanier 5 who applied 
condensor discharge stimuli to the skin of sixteen normal human sub¬ 
jects and found a wide variation (—80 to 300 per cent) in their normal 
pain thresholds. The ratio of the standard deviation to the mean of 
Lanier’s data is 56 per cent, a remarkable coincidence since the Machts 
were studying the reactive threshold while Lanier was studying the pain 
threshold. These variations are much greater than thresholds deter¬ 
mined by the radiant heat pain stimulus, 6 and thus electrical stimula¬ 
tion of the skin can be discarded as a method of testing for analgesia un¬ 
less better methods are found for reducing or standardizing skin re¬ 
sistance. 

Electrical stimulation of the tooth pulp was first used in dogs by Koll 
and Reffert, 7 and has been used by Ivy, Burrill and Goetzl 8 in man 
where an induced current of calibrated voltage is applied by means of a 
pointed electrode to an occlusal metal filling while a large indifferent elec¬ 
trode is clasped by one hand under water or saline. The tooth pulp, pre¬ 
sumably, contains only pain sensation so that only pain is elicited. It is 
possible to test both the lowest pain threshold (Ti) and the reactive 
threshold (T 2 ), which is the stimulus at which unbearable or severe pain 
occurs. In our limited experience, T 2 is more influenced by analgesic 
drugs while depressant drugs may have a greater effect on Ti. Statisti¬ 
cal evaluation of this method lias been made by Harris, 9 and also by 
Sonnenschein. 10 The former found a low degree of variance if a single 
tooth was used in the same subject on a single day. Since analgesic test¬ 
ing is usually done in this manner, the method is very reliable. Care 
must be taken to apply the electrode to the same spot in the dry filling, 
and the subject must apply a constant finger area to the indifferent elec¬ 
trode. Sonnenschein studied nitrous oxide analgesia by the tooth-pulp 
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method and found that with fifteen subjects a mean rise of 25 per cent 
in Ti pain threshold had a p value of less than 0.01, while a mean rise of 
25 per cent in T 2 pain threshold in six subjects had a p value of less than 
0.05. Since potent analgesics will produce a mean rise of more than 70 per 
cent in T 2 and 50 per cent in Ti, the peak changes are undoubtedly statis¬ 
tically significant. We are, at present, comparing this method with the 
graded radiant heat method as applied to the blackened finger pad and 
nail bed. We find the tooth pain thresholds to be reliable and to be the 
most easily affected of any pain threshold. The tooth pain is aching in 
nature and is, thus, probably subserved by protopathic nerve fibers 
which we have called “deepain.” 

Radiant Heat-Pain Methods. These may be divided into three essen¬ 
tial types which are: (1) constant contact heat for a variable period of 
time as applied to the feet of mice by the method of Woolfe and Mac¬ 
Donald 11 ; (2) constant radiant heat applied for a variable period of time 
until reaction occurs, which is the method of D’Amour and Smith 12 as 
applied to the rat’s tail; and ( 3 ) variable radiant heat usually applied 
for 3 to 4 seconds to the skin of animals (Winder, Pfeiffer, and Maison 18 ) 
or man (Hardy, Wolff and Goodell 14 ), and the heat increased until pain 
or reaction occurs to the stimulus. 

We have not used the contact heat method, but we understand that 
the end-point (the time when the mice start dancing or blowing on their 
paws) is difficult to time. It would seem that a modification of this method 
by the use of a sloping hot plate (similar to the sloping screen used in the 
insulin assay) might be advantageous in that the mice would start roll¬ 
ing down the hot plate when their feet became painful. 

The method of constant radiant heat and variable time is successfully 
used in many commercial laboratories for the screening of new chemicals 
for possible analgesic action. When the rat’s tail is used and the reac¬ 
tion time noted, great care must be taken to have the animals housed 
and tested in a constant temperature room because the temperature of 
the tail will vary with its environment, and also with the strain and 
health of the rat. 

Winder, Pfeiffer, and Maison 13 have applied variable radiant heat to 
the back of black guinea pigs, which species has a well-developed skin 
muscle (cutaneus maximus). In our experience, this method is applicable 
to the guinea pig, the dog, and the immature rabbit. Other species tested 
and found lacking in adequate skin muscles are the hamster, the mouse, 
and the rat. Andrews and Workman 16 used the flank of the trained dog, 
which method has been found suitable in several commercial laborato¬ 
ries. When a stimulating time of 3 to 5 seconds is used and the threshold 
is approached from a high level, the standard error of the determination 
is exceedingly low (figure 1). Ideally, five seconds is optimal, but the 3- 
to-4-second stimulus produces less eye fatigue in the operators. Several 
independent observers have been able to assay the analgesic effect of 
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Figure 1 . Effect of increasing the duration of stimulation on reac¬ 
tive threshold of the guinea pig. Note that the standard deviation of 
the response becomes smallest with a stimulus of five seconds duration. 


aspirin 13 and other weak analgesics by this method. 16 Chemicals which 
may give false posith e analgesia by this method are those that are curare¬ 
like or myanesin-like drugs, and drugs which produce hypothermia, 
methemoglobinemia, hypoxia, or marked elevation of blood pressure. 
Drugs which lower the pain threshold are acetylcholine, Z-arginine, 
/-ornithine, aranthol, 17 com ulsants and non-anesthetic doses of the bar¬ 
biturates. Since Demerol and codeine are both convulsant in the higher 
dosage range, we find a characteristic decreased effect after the thirty- 
minute period when subconvulsive doses are used (figures 2 and 3). 



Figure 2. Effect of increasing dosage of subcutaneously administered 
codeine phosphate in groups of si\ guinea pigs. Note that higher subconvul- 
sant dose of 90 mg. kg. produces an apparent decrease in the analgesic effect. 
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Figure 3. Effect of increasing dosage of subcutaneously admin¬ 
istered Demerol HC1. Note that the higher subcon vulsant doses of 45 
and 60 mg./kg. produce an apparent decrease in the analgesic effect. 


Comparison of Three Methods in Man . Since previous studies have 
dealt with a single type of pain (usually superficial pain), we initiated a 
program early last fall which was designed to compare the two thresholds 
of the tooth-pulp method with the superficial pain threshold as elicited 
by radiant heat in the pad of the fingers, after the hand has been im¬ 
mersed for one minute in a constant temperature bath maintained at 
40° C. This method provides a constant skin temperature and avoids the 
production of forehead blisters and scars which invariably follow anal¬ 
gesic testing when potent analgesics are assayed by the Hardy-Wolff 
method. A third threshold was also assayed when H. L. Williams of our 
laboratory noted that, if the fingernail bed is subjected to radiant heat, 
a marked ache of an all-or-none quality was produced. In a series of 
thirteen trials using the 3rd and 4th fingers of two subjects, the range 
between the pain threshold and the reactive threshold was found to be 
30.2±S.D. 1.7 watts for the nail bed and 63.8±S.D. 11.4 watts for the 
finger pad. Waterproof dull black lacquer (Eastman Kodak Co.) is used 
to coat both the nail and the pad. Although the nail must be thicker 
than the usual keratin layer on the pad, the nail threshold in watts is 
characteristically about 60-70 per cent of that of the corresponding pad. 
The index finger has the highest threshold, the thumb next, while the 
little finger is the most sensitive. The third and fourth fingers are best 
for the testing of analgesic drugs. Fortunately, we discovered early in our 
studies that in all fingers (with the possible exception of the little finger) 
the pain threshold of the pad is in balance with that of the nail bed. This 
may be demonstrated by injecting a drop of 0.5 per cent procaine in the 
finger pad, which usually makes the nail bed threshold decrease (become 
more sensitive). We have also tested nail bed and pad of the middle 
finger after 0.5 per cent procaine has been infiltrated around the median 
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nerve. This, characteristically, results in a rise in the pad threshold and 
a lowering of the nail bed threshold (figure 4). If 0.75 per cent procaine 

WATTS 



Figube 4. Effect of infiltration of the median nerve on the finger pad and 
nail-bed pain thresholds of the middle (3rd) finger of five subjects. Note 
that the pad threshold is raised while the nail bed threshold is lowered. 

is infiltrated around the median nerve, both thresholds will rise, but as 
recovery occurs the nail bed will suddenly drop to well below the initial 
control thresholds while the pad threshold will remain elevated. Thus, 
in so far as the middle finger is concerned, the sensory nerves to the pad 
and nail bed are both contained in the median nerve, but the nail bed 
nerves may be more centrally located in the nerve trunk or, perhaps, 
may be more resistant to local anesthetic action. Central cortical sum¬ 
mation, balance mechanisms in the intemuncial pool of the spinal cord, 
or local axonic networks (nocifensor fibers?) between the fingernail bed 
and the pad may explain this phenomenon, which has also been ob¬ 
served during analgesic testing; that is, sudden rises in pad thresholds 
are apt to be accompanied by an increased sensitivity of the nail bed. 
However, with analgesic drugs the changes are small, and the mean of 
the data thus serves to obliterate these minor individual fluctuations. 

Since tooth pain is aching in character and quite different from the 
pinch or tingle of beginning skin or superficial pain, we have been in¬ 
terested in determining the possible type of pain which may predominate 
in the nail bed to produce the all-or-none ache. Heavily myelinated 
nerve fibers such as epicritic or supain fibers have been reported to be 
more susceptible to hypoxia produced by ischemia. Accordingly, we have 
determined nail-bed and pad pain thresholds after ligaturing the arm 
with a blood pressure cuff inflated to 250 mm. Hg for periods of 15 to 40 
minutes. In thirteen experiments we have found the pad when tested 
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after warming to 40° C. to become more sensitive in five experiments, 
analgesic in 4, and no change in 4. The fingernail bed in these same ex¬ 
periments became more sensitive in 5 experiments, analgesic in 1, and no 
change was noted in 7 experiments. These data are thus equivocal and 
cast doubt on the validity of previous ischemia experiments, where no 
attempt was made to test the ligatured arm at a constant temperature. 
We have been able to differentiate quantitatively between nail-bed and 
pad pains by the differential rise in thresholds when the finger is tested 
at less than 40° C. (table 2). As the hand temperature is lowered below 


Table 2 

Effect of Temperature of the Hand 
on Radiant Heat Pain Thresholds of the Finger 

(Mean of two subjects hand immersed for one minute before testing—arm not ligatured.) 

Fingernail bed Finger pad 


45° C. 

+20% 

-10% 

40° C. 

0% 

0% 

35° C. 

+25% 

+30% 

so 5 c. 

+40% 

+27% 

20° C. 

+70% 

+33% 

10° c. 

+ 110% 

+66% 


35° C., the rise in nail-bed pain threshold rapidly becomes twice the pad 
pain threshold rise. Extreme or maximal tolerated heat (46-47° C.) does 
not consistently differentiate the two thresholds. Since no correlation 
was found between duration of ligation and trends in the nail-bed and 
pad thresholds, these results indicate the need for raising the ligatured 
hand to a constant temperature before testing with radiant heat, since 
Wolff et al}% have reported that the back of the hand of the ligatured 
arm (one or possibly two subjects!) has the same degree of analgesia as 
the forehead when the pain of the ligatured arm raises the forehead 
threshold 30 to 35 per cent. In our experience, this rise in the pain 
threshold of the finger pad or nail bed can be obtained with the radiant 
heat method when skin temperature decreases only 3 to 5° C. This de¬ 
gree of lowering of hand temperature will occur when the arm is liga¬ 
tured. The relief of pain by hypothermia may explain the fact that pa¬ 
tients with severe causalgia invariably carry a moistened sponge to 
apply cooling water to the painful extremity. 

Tetraethylammonium (TEA) chloride in a dose of 500 mg. was next 
given intravenously to a group of five subjects on the working hypothesis 
that, since this drug is effective in causalgia, it might raise nail-bed pain 
thresholds. To our surprise, the initial doses of TEA raise only the 
supain thresholds of the finger pad and leave tooth pain and, to a lesser 
extent, nail-bed pain thresholds remarkably constant in spite of marked 
subjective symptoms such as diplopia, cycloplegia, and tingling of the 
extremities (table S). Repeated daily doses of TEA, as used in causalgia, 
will produce a rise in the thresholds of nail bed and tooth. The effect of 
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Table 3 

Effect of Tetraethyl \mmonium Chloride (500 mo.) on Various Pain Thresholds 

(All doses injected in 8 to 10 minutes. A consistent rise is seen in the finger-pad 
pain threshold in the 12-to-30-minute period. Index (2nd) finger used in all subjects.) 


Subj, C.P. 

Controls 

4 

10 

12 

15 

20 

30 

35 

40 

Minutes 

Nail Bed 

So 

So 

90 

90 

90 

90 

85 

90 

85 

85 

Watts 

Finger pad 

no 

110 

120 

135 

130 

135 

125 

120 

120 

110 

Watts 

Tooth I 

0.6 

0.5 

0.5 

0.5 

0.5 

0.6 

— 

— 

0.5 

— 

Volts 

Tooth II 

2.6 

2.7 

2.2 

2.6 

2.8 

2.8 

— 

— 

2.8 

— 

Volts 

Subj, R.S. 

Controls 

1 

5 

10 

15 

25 

32 

35 

40 

Minutes 

Nail bed 

90 

90 

95 

105 

90 

90 

85 

90 

92 

85 

Watts 

Finger pad 

120 

120 

120 

145 

145 

135 

140 

125 

130 

125 

Watts 

Tooth I 

1.1 

1.1 

1.0 

1.1 

1.1 

— 

1.0 

1.1 

1.1 

1.2 

Volts 

Tooth II 

1.6 

1.6 

1.4 

1.8 

1.6 

— 

1.6 

1.6 

1.5 

1.7 

Volts 

Subj. J.L. 

Controls 

1 

5 

9 

14 

19 

30 

40 

60 

Minutes 

Nail bed 

60 

65 

'65 

55 

60 

65 

60 

65 

60 

60 

Watts 

Finger pad 

82 

82 

90 

95 

95 

95 

100 

105 

97 

82 

Watts 

Tooth I 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.6 

0.6 

0.5 

0.5 

Volts 

Tooth II 

1.2 

1.1 

1.4 

1.2 

1.2 

1.1 

1.1 

1.1 

1.0 

1.0 

Volts 


TEA on supainthresholds cannot be central since deepain is unaffected. 

Ergotamine tartrate does not raise supain thresholds, 19 but does re¬ 
lieve migraine headache, perhaps by local or peripheral vasoconstric¬ 
tion. If nail-bed pain is due to local vascular dilatation or spasm, ergota- 
mine tartrate might decrease or increase this pain threshold. Accord¬ 
ingly, two subjects were given subcutaneously \ mg. of ergotamine tar¬ 
trate and three subjects were given subcutaneously 1 mg. of DHE-45 
under blind test conditions. Neither of these drugs changes supain, 
deepain, or nail-bed pain thresholds in these normal subjects (table 4). 

Table 4 

Mean Effect of Ergotamine Tartrate 


(2 Slbjects) and Dihydroergotamine (3 Subjects) on Pain Thresholds 

(The middle (3rd) finger used in all subjects. A possible decrease 
in nail-bed pain threshold and Tooth II threshold may obtain.) 


Controls 

20 

40 

60 

80 

100 

120 

Minutes 

Nail bed 65.5 

67.0 

62.0 

62.0 

64.5 

65.5 

66.0 

60.5 

Watts 

Per cent change — 

— 

-6.6 

-6.6 

-2.6 

-1.1 

-0.4 

-8.7 


Finger pad 109.5 

112 

110.2 

106.5 

110.4 

106.4 

111.6 

111.0 

Watts 

Per cent change — 

— 

-0.5 

-3.8 

0.3 

-3.9 

0.8 

0.2 


Tooth I 0.49 

0.51 

0.48 

0.48 

0.54 

0.50 

0.50 

0.45 

Volts 

Per cent change — 

— 

-4.0 

-4.0 

8.0 

0.0 

0.8 

-10 


Tooth II 1.93 

1.91 

1.86 

1.74 

1.84 

1.8 

1.75 

1.70 

Volts 

Per cent change — 

— 

-3.1 

-9.4 

4.2 

-6.2 

-8.8 

-11.5 



A slight increase in sensitivity of deepain and nail-bed pain occurs. We 
were, however, impressed with ergotamine tartrate as a possible control 
medication for the study of opiate analgesia. The symptoms of sweating 
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and nausea are sufficiently similar to opiate side effects that this is the 
first placebo medication which our trained subjects have not been able 
to identify as a placebo medication within 15 or 20 minutes. The side ac¬ 
tions are more rapid in onset than the side actions of potent analgesics, 
so that even this medication can be identified if used a second time in 
the same subject. 

Stellate ganglionic block with 1 per cent procaine will produce a 
prompt rise in the nail-bed pain threshold of the middle finger without a 
corresponding rise in supain thresholds of the finger pad. If the somatic 
nerves are later affected by the procaine, a sudden drop in nail-bed pain 
threshold may occur, indicating again the reciprocal relationship of the 
pad and fingernail bed (figure 5). Such successful stellate block has 



Figure 5. Effect of right stellate ganglionic block with 1 per cent procaine on the 3rd and 4th 
finger pain thresholds. Note again the reciprocal relationship of nail-bed pain to finger-pad pain during 
the 20-to-i0-minute period when the procaine apparently obtunded somatic afferent nerves. 

now been obtained in three trials on two subjects. The rises in nail-bed 
threshold have been 91 per cent, 50 per cent, and 54 per cent. To eluci¬ 
date further the possible mechanism of nail-bed pain, a painful heat stim¬ 
ulus has been applied to the scarified fingernail when viewed with the 
highest power of a dissecting microscope. Under these conditions, the 
capillaries do not contract with pain, but the arterioles cannot be seen. 
From our present data, this pain could thus be either efferent or afferent 
sympathetic in origin. Since it is obtunded by stellate block we have 
termed it “sympain” and will attempt further experiments to determine 
whether it is efferent or afferent. In this regard, the fact that sympain 
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is almost entirely unaffected by TEA argues against nail-bed pain being 
due to efferent sympathetic action. Undoubtedly, the nail bed may be 
subserved in addition by protopathic and perhaps epicritic nerve fibers. 
We only wish to claim from these data that the nail bed has a strong 
sympathetic component. 

' Recalling that sympain is in balance with supain, the data obtained 
thus far with potent analgesic drugs can now be studied critically. The 
three drugs we have chosen for study in 5 to 7 subjects are heroin (2 mg. 
—table 5), Dilaudid (2 mg.— table 6), and Z-methadon (5 mg.— table 7). 


Table 5 

Analgesia Produced by the Subcutaneous Injection of 2 mg. 
Heroin HCl in Seven Normal Subjects 

(Note the lack of effect on nail-bed pain and the marked effect on tooth pain.) 



Controls 

20 

40 

60 

80 

100 

Minutes 

Nail bed 

91.9 

92.3 

100 

92.3 

90.7 

89.6 

93.1 

Watts 

Per cent change 

— 

— 

8.6 

0.2 

— 1.5 

—2.7 

0.0 


Finger pad 

117.9 

117.8 

124.3 

129.3 

137.9 

128.6 

127.9 

Watts 

Per cent change 

— 

— 

5.8 

10.0 

8.9 

9.4 

8.9 


Tooth I 

0.72 

0.75 

0.95 

1.0 

0.93 

0.8* 

0.88 

Volts 

Per cent change 

— 

— 

30 

36 

27 

15 

20 


Tooth II 

1.70 

1.73 

2.4 

2.8 

3.0 

2.8 

2.7 

Volts 

Per cent change 

— 

— 

41 

64 

73 

64 

60 



In two-thirds of the actual experiments, these drugs were given in blind- 
tests. Heroin was chosen for its short duration of action and its maximal 
addiction liability. Dilaudid was chosen because of its potency at a low 
dose and because it is, in the monkey, less addicting than morphine in 
a dosage ratio of 1 to 5. 7-Methadone was included since studies in the 
monkey and man indicate that it is the least addicting of the potent 
analgesic drugs and, on withdrawal, produces a slow metabolic storm 
rather than the immediate autonomic storm which is seen on opiate 
withdrawal. 

It is evident, from the individual drug tables and the summary (table 
8), that these three drugs vary considerably in their effect on sympain, 
supain, and deepain thresholds. Thus, Dilaudid has 15 times the effect 
of heroin on sympain, and methadone is characterized by a broad spec¬ 
trum which produces an equal effect on all types of pain. The abstinence 
syndrome has been characterized as an “autonomic release phenome¬ 
non” which might now be interpreted as an overdevelopment of sym¬ 
pain, due to the fact that heroin markedly obtunds deepain and has 
little or no effect on sympain. Thus, repeated doses may allow the sym¬ 
pain component to overdevelop and produce symptoms of autonomic 
over-activity when a large heroin dosage is abruptly stopped. A drug 
such as Z-methadone, which raises all pain thresholds uniformly, is less 
apt to be followed by an abstinence syndrome which is characterized by 
autonomic symptoms. This working hypothesis for opiate addiction is 
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Table 7 

Analgesia Produced by the Subcutaneous Injections of 5 mg. of Z-Methadone HCl 
in Five Normal Subjects 

(Note uniformity of effect on all pain thresholds.) 


Controls 

20 

40 

60 

80 

100 

120 

140 

160 

Minutes 

Nail bed 69.4 72.0 

77.0 

82.0 

86.4 

89.8 

82.4 

87 

87 

87 

Watts 

Per cent change — — 

9 

16 

22 

27 

17 

23 

23 

23 


Finger pad 98 100.6 

111 

120 

113 

115 

113 

115 

119 

119 

Watts 

Per cent change — — 

12 

21 

14 

16 

14 

16 

20 

20 


Tooth I 0.50 0.54 

0.63 

0.74 

0.66 

0.65 0.61 

0.61 

0.58 

i 0.57 Volts 

Per cent change— — 

21 

42 

27 

25 

17 

17 

12 

10 


Tooth II 2.06 2.08 

2.6 

2.7 

2.6 

2.6 

2.7 

2.5 

2.3 

2.4 

Volts 

Per cent change — — 

26 

31 

27 

28 

31 

20 

12 

14 



Table 8 


Summary of Mean Per Cent Rise in Pain Thresholds with Heroin (2 mg.), 

DlLAUDID (2 MG.), AND Z-MeTHADONE (5 MG.). 


Drug 

Xail bed 

Finger pad 

Tooth I 

Tooth II 

Heroin (100 minutes) 

i% 

8% 

26% 

60% 

Dilaudid (160 minutes) 

15% 

9% 

26% 

50% 

Z-Methadone (160 minutes) 

20% 

17% 

21% 

24% 


being further tested by studies of the analgesic effect of desomorphine 
and 7-isomethadone. Table 9 is a final summary of the procedures which 
differentiate these three types of pain. 


Table 9 

Summary of Methods and Drugs Used to Differentiate 
Three Types of Pain in Man 



Sympain 

Supain 

Deepain 

Ischemia 

± 

± 

Not tested 

Hypothermia 

2+ 

+ 

Not tested 

Quality 

Ache 

(all-or-none) 

Tingle 

Ache 

Procaine 0.5% 

Decreased 

Increased 

Not tested 

in median nerve 

threshold 

threshold 


TEA (500 mg.) 

± 

2 + 

0 

Ergotamine 

—p 

0 

—-P 

Stellate block 

4+ 

0 

0 

Heroin 

0 

+ 

4+ 

Dilaudid 

2 + 

+ 

4+ 

Z-Methadone 

2 + 

2+ 

2+ 


Summary 

Two statistically evaluated methods are available for the determina¬ 
tion of the reactive threshold of animals. These are: (I) The use of radi¬ 
ant heat with a constant stimulus and variable time, and (2) the use of 
radiant heat with a variable stimulus at a constant time interval. The 
use of contact heat might be improved by the use of a sloping hot plate 
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in an apparatus analogous to the sloping screen method for insulin 
assay in the mouse. 

Three accurate methods are available for the assay of pain thresholds 
in man. These are: (. 1 ) The use of radiant heat with a variable stimulus 
and constant time; (2) the use of electrical stimulation of the tooth pulp 
which provides the minimal and reactive thresholds; and (3) the use of 
von Frey hairs on sensitive areas of the face. 

Three different types of pain may exist in man. In order to encourage 
sub-division of these pains by clinicians, the following terms are sug¬ 
gested: for bright, fast, epicritic, superficial pain the term “supain” is 
suggested. For dull, aching, slow, protopathic pain the term “deepain” 
is applied. Nail-bed pain has been shown to have a strong sympathetic 
component and hence the term “sympain” is suggested. By comparing 
the analgesic action of heroin and Z-methadone in clinical patients and 
the use of sympathetic blocks, further instances of sympain may be 
found. 

Since heroin raises deepain thresholds but has little effect on sympain, 
and since Z-methadone raises all pain thresholds uniformly, a working 
hypothesis for the possible etiology of the abstinence syndrome has been 
formulated which is predicated on the probability that a central or local 
balance obtains between various types of pains. This balance is demon¬ 
strated for the supain and sympain of the finger. 
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A CRITIQUE OF ANALGESIC 
TESTING METHODS 


By LLOYD C. MILLER* 

Sterling-Winthrop Research Institute , Rensselaer , jS t . Y. 


I N 1943, Goetzl, Burrill, and Ivy 1 reviewed the literature on methods 
used up to that time to evaluate pain intensity and the analgesic 
effects of drugs. No method new in principle has appeared since then, 
so that their analysis may well be taken as a point of departure for this 
discussion. These authors set up four criteria which the ideal method 
should meet in yielding quantitative data on the extent to which an 
analgesic obtunds pain. 

They considered that the ideal method should permit quantitative 
determination of threshold values of the selected stimulus or means of 
inducing pain. It is a foregone conclusion that laboratory methods for 
algesimetry must be designed to prevent or ameliorate pain induced arti¬ 
ficially. From a pharmacological standpoint, this is in keeping with prin¬ 
ciples well established in other fields. Thus, antispasmodics are tested 
against spasms induced in smooth muscle of various kinds; likewise, 
antihistaminics are rated according to their capacities for alleviating or 
preventing effects elicited by histamine. Stimuli resulting in pain clqsely 
approach those which produce permanent damage. All authors agree 
that for heat, at least, frank bums result from increasing the threshold 
pain stimulus only three- or four-fold so that it is of great importance to 
determine accurately the threshold or just-effective stimulus. The rea¬ 
sons for this are obvious in the case of human subjects. With animals, 
damage is to be avoided to permit repeating observations on the same 
animal following both the test drug and a reference analgesic, as in a 
cross-over test. 

The ideal method should discriminate well between graded doses of an 
analgesic in modifying the responses to a standard pain stimulus. Thus, 
it must be a biological assay in the fullest sense of the term. It is in this 
respect that many methods have failed. 

The ideal method should be universally applicable to both man and 
experimental laboratory animals. Because pain is a subjective phenom¬ 
enon, more difficulty arises on this point with animals than with human 
subjects, a situation which is the reverse of that usually encountered in 
pharmacological studies. 

Goetzl and his associates also deemed that the ideal method should 
show quantitatively the respective effects of the analgesic against differ¬ 
ent qualities of pain, where such exist. Since an effort has been made in 
devising most methods to select a stimulus giving a single kind of pain, 
no one method will meet this criterion. 


kwwled^ 1186 °* Mr ’ CaIvin in calculations and in drawing the graphs is gratefully ac- 
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Finally, for reasons peculiar to the pharmaceutical industry, there 
should be added to the four requirements listed above, the specification 
that the ideal method should boast of sensitivity. This feature is im¬ 
portant to chemists and pharmacologists alike, for valuable leads to 
analgesic activity in new types of compounds may well be overlooked if 
the test method is not capable of revealing low grades of effect. Unfor¬ 
tunately, no method measures up well in this respect. 

If this discussion is restricted to those methods used most generally 
in evaluating the newer synthetic analgesics, it will be possible to show 
how these procedures measure up to the ideal. While the relatively crude 
Haffiner technique 2 was sufficient in Schaumann’s hands to show in clas¬ 
sic fashion the value of Demerol and related compounds in 1939, 3 Woolfe 
and Macdonald, 4 in 1944, considered that the potency of Demerol was 
still inadequately evaluated. Still later, in 1947, six laboratories collab¬ 
orated in comparing Demerol and three other analgesics with morphine, 
with very heterogeneous results 5 ; for example, there was a nine-fold varia¬ 
tion in the observed potencies of Demerol expressed in terms of mor¬ 
phine. It would appear worth-while to explore the causes for this failure 
on the part of numerous pharmacologists. 

Goetzl, Burrill, and Ivy concluded that the method most closely ap¬ 
proaching the ideal would apply a stimulus, consisting of a sharply de¬ 
fined burst of electrical current, to affect the specific pain receptors of 
the tooth pulp of either man or laboratory animals. Such a method had 
been described by Koll and Reffert in 1938, 6 who used a condenser dis¬ 
charge stimulator with highly consistent results on dogs. Goetzl and 
his associates used a stimulator designed to provide peaks of induced 
alternating current. However, while the characteristics of the apparatus 
were described fairly clearly, they failed to give details of dimensions, 
etc., sufficient to permit others to reproduce it. Further, details of the 
performance of their method are lacking, so that there is no basis for 
forming an opinion as to its reproducibility and discriminatory power. 
In our laboratory, a serious attempt was made to develop this technique 
using dogs, but it was found impossible to reduce the responses of the 
animals to anything like a constant base line. Except that this tech¬ 
nique is bound to be relatively slow, the success of Koll and Reffert with 
it recommends further trial. Finally, there have been no reports of the 
use of this method in studies of recently discovered analgesics, so that 
further consideration of it is beyond the scope of this paper. 

The Hardy-Wolff-GoodeU Method . Of the methods proposed and used 
in the last decade, it is safe to say that the Hardy-Wolff-GoodeU pro¬ 
cedure 7 has gained the widest acceptance. It was described, in 1940, by 
a team of three workers who doubtless will be remembered as having ex¬ 
perienced more self-inflicted pain than any other trio in the history of 
experimental medicine. 

Almost everyone interested in algesimetry is familiar with the tech- 
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nical details of the Hardy-Wolff-Goodell method. Briefly, it consists of 
allowing the light from a 500-watt projection lamp to focus for exactly 
three seconds on the subject’s forehead, the exposed area being black¬ 
ened with ink. The lamp operates continuously on reduced voltage and 
the pathway of its beam is opened and interrupted by a shutter con¬ 
trolled by an electrical timer. The only variable is the current applied to 
the lamp filament so that, by increasing the current in successive ex¬ 
posures, the intensity of stimulus is raised finally to the point at which 
the subject feels a brief, sharp “jab” of pain just at the end of the three- 
second exposure period. Originally, the time between successive trials 
was only 30 seconds, but later it was increased to a full minute. 

Bv nature, pharmacologists have a penchant for tinkering and seldom 
resist an opportunity to add a personal twist or variation to each new 
method or technique they take up. It is interesting, therefore, that the 
Hardv-Wolff-Goodell method remains today almost exactly as originally 
proposed. Indeed, apparatus specially designed for the procedure is 
available commercially* which, in itself, is a good indication that the 
technique has become stabilized. Through the kindness of Drs. Goodell 
and Wolff, it has been possible to compare data obtained nearly 10 years 
ago with the original apparatus, with some recorded by Dr. Gross, of 
the State University of Iowa, using the commercial unit. 

The older data were those obtained in determining the analgesic po¬ 
tency of codeine 8 and represent seven experiments in which the dosage 
of codeine phosphate was varied from 15 to 120 mg., injected intra¬ 
muscularly. Usually, three readings were made to establish the normal 
threshold prior to injection of the drug, although this was not always 
the case. Because of these minor exceptions, some liberties were taken 
with the data on the grounds of convenience. 

An analysis of variance of the normal thresholds in the five experi¬ 
ments in which three normal threshold readings were made, shows that 
the variation between these three values, as well as that between the 
three subjects, was quite negligible. The variation between days, how¬ 
ever, was enormous, being far greater than would be expected once in a 
thousand times through chance. This indicates an obscure variation in 
the apparatus or environment which resulted in apparent differences in 
thresholds on different days. Nevertheless, the standard deviation of a 
single observation was only ±17 millicalories/second/square centimeter, 
or about 5 per cent of the average. As low as this error seems to be, it is 
large in comparison with what may be achieved. 

Similar analysis of the Iowa data shows a truly remarkable consist¬ 
ency. The experiment involved the subcutaneous injection of a new an¬ 
algesic, Nu-1779, 9 into four subjects, each of whom received 5, 10, or 15 
mg. on separate days. The normal pain thresholds were determined in 
two trials after an initial 10-minute rest period, so that there are six nor- 


* The Engineering Corporation, Bergenfield, N. J. has developed a commercial model 

of the Hardy-Wotff-Goodell apparatus. 
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mal values on each subject, or 12 pairs in all. These 24 readings all lay 
between 228 and 235 millical./sec./cm. 2 This amazing consistency is re¬ 
flected in the analysis of variance which shows that the variation be¬ 
tween the four subjects was practically nil, that between the three experi¬ 
mental days was even less, while discrepancy between pairs of readings 
on the same day was greater, but still far from significant. As Dr. Gross 
intimated to me in correspondence, he is actually concerned over the 
fact that the data appear incredibly good. 

The Effect of Training on the Normal Pain Threshold . These subjects 
had been trained. With respect to the value of training, Dr. Gross sent 
interesting data obtained in the course of “breaking in” four “green” 
subjects on the Hardy-Wolff-Goodell apparatus. This was a well-bal¬ 
anced experiment, in that the pain threshold of each subject was de¬ 
termined four times at regular intervals on each of four days. These are 
essentially “sham” experiments except that no injections were made; 
the subjects were unaware of the actual amount of heat stimulus being 
applied. The individual readings in millical./sec./cm. 2 are shown in 
table 1. The averages are given in the parentheses to the nearest whole 
number. To bring out the day-to-day improvement, the sums of the 


Table 1 

Effect of Training on Pain Threshold Recognition 
(Hardy-Wolff-Goodell Method (Gross); normal thresholds in millical./sec./cm. 2 ) 


Subj. No. 

1 

Pay 1 

250 

240 (243) 
245 

238 

Pay 2 

240 

230 (234) 
230 

235 

Pay 3 

230 

235 (232) 
222 

230 

Day 4 

235 

230 (232) 
232 

230 

Subj. totals * 


53* 

15 

7 

7 

82 

■2 

235 

240 (238) 
245 

230 

240 

230 (235) 
235 

235 

232 

230 (232) 
235 

230 

230 

230 (231) 
223 

230 



30 

20 

7 

3 

60 

3 

235 

240 (236) 
240 

230 

230 

235 (235) 
233 

240 

235 

235 (233) 
230 

232 

235 

230 (232) 
233 

230 



25 

18 

12 

8 

63 

4 

230 

230 (234) 
240 

235 

235 

235 (235) 
240 

240 

235 

230 (232) 
230 

232 

230 

235 (231) 
230 

230 


Pay totals* 

15 

133 (238) 

20 

73 (235) 

7 

33 (332) 

5 

23 (331) 

47 


* Suras of deviations from 230. 
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deviations from 230, the lowest observed threshold, are given. This is 
still more evident in the progressive decrease in the day totals from the 
first to the fourth days. 

A brief glance at the average values shows that the subjects had set¬ 
tled down to practically the same threshold value by the second day and, 
while they continued to agree among themselves, the actual threshold 
decreased somewhat from the previous day’s run on both the third and 
fourth days. 

To determine which of these differences was significant, an analysis of 
variance was run. The analysis (table 2) showed that the four subjects 


Table 2 


Analysis of Efjeci of Training- 
Source of variation Degrees of freedom Mean square 


Subjects 3 13.04 

Runs 3 27.85 

Days 3 129.17 

Error 54 16.97 


Measure of significance 


.77 

1.64 >.05* 

7.61 <.01+ 


* for P—.05, P-*2.77. t for P^.01, F=4.16. F and P have the conventional meaning, so that 

P=.05 indicates a probability o^ chances in 100, etc. 


reacted very much alike, the variance attributable to differences between 
them being less than that ascribable to “error.” The variance between 
runs on the same day was also quite insignificant, although greater than 
thatbetween subjects. From day to day, however, the variation was highly 
significant, the odds being less than one in a hundred that such discrep¬ 
ancies would arise by normal chance variation. Because of the marked 
downward trend, the conclusion is justified that, with training, each 
subject comes to recognize the intensity of heat stimulus marking his 
threshold and that the threshold is very nearly the same for all subjects. 
This view, of course, has long been advocated by Hardy and his asso¬ 
ciates. 10 

Denton, Straus, and Beecher 11 recently reported that untrained sub¬ 
jects are unsuitable for evaluating analgesics by this method. Thus, it 
is possible that a lack of training may have been responsible for the 
failures on human subjects reported recently from two British laborato¬ 
ries.^* 13 

In a study of the Hardy-Wolff-Goodell procedure applied to guinea 
pigs, Winder has explored the effect of practically all imaginable vari¬ 
ables possible. An adequate discussion of his findings, published in a 
series of four papers, 14 " 17 would overtax the limits on available space. 

Winder chose the graded intensity procedure, approaching the thresh¬ 
old by “interval-splitting,” gradually narrowing the difference in the in¬ 
tensity of 4-second exposures to finally locate the threshold within five 
watts of power input on the lamp. This is a relatively slow and tedious 
procedure since it takes 10 minutes to find the thresholds on two ani- 
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mals tested alternately at successive half-minute intervals. These ani¬ 
mals were used but once, so that, except for repeated exposures within 
the experiment, no training was provided. Repeated threshold endpoints 
on the same animal agreed with each other better than those obtained 
on different animals run in parallel; thus, the final procedure was designed 
so that each animal served as its own control. To correct for a slight 
but significant downward trend in the threshold during the experiment, 
sham-treated animals, given only the drug vehicle, are run in parallel. 

Bonnycastle 18 finds it necessary even to train rats prior to use. Thorp 12 
also states that new rats must be trained “to discriminate between stim¬ 
uli of different intensity before using them for the test.” The question 
arises as to where the greatest amount of intelligence is required—-in the 
rats or in the operators! In our experience with a similar procedure, using 
rats, no greater variation has been noted on the first day of use than in 
subsequent trials. 


Interpretation of the Data . In spite of the rather extensive use of the 
Hardy-Wolff-Goodell method on both man and laboratory animals, no 
good way of handling the data has been worked out. It is customary to 
make observations at intervals of 15 to 30 minutes throughout the ex¬ 
periment, so that the data consist of four to 10 observations on each 
subject for each dose. The peak effect is usually seen between SO and 60 
minutes. The peak values, calculated as the percentage increase over 
the pre-treatment threshold value, are usually averaged for each dosage. 
This results in using only a part of the data, as has been done by Thorp 12 
with the result shown in figure 1 for morphine given to rats subcuta- 


DOSAGE-RESPONSE CURVE FOR MORPHINE 


FIXED TIME DATA ON RATS (THORP) 



neously. A beautiful sigmoid curve results when the per cent increases 
at 20 minutes are plotted against dose either in the original arithmetic 
units or in logarithmic units. Although this is one of the best dosage- 
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response curves yet published for morphine, Thorp did some violence to 
the data by drawing a straight line through what he termed the “central 
portion. 11 Ignoring the obvious curvature, he even went to the trouble 
of calculating the equation of this “linear 11 part. 

As evidence of the reliability of this treatment, he assayed two un¬ 
known solutions of morphine with interesting results. With solution B, 
a mean percentage increase of 63.1 per cent was observed from which 
the concentration was estimated to be 0.35 mg./cc. against the actual 
strength of 0.36 mg./cc. With solution A, he obtained a 20.6 per cent 
increase in threshold, from which fact he estimated that the concentra¬ 
tion was 0.29 mg./cc.; its actual strength was 0.30 mg./cc. The agree¬ 
ment on solution B between found and actual concentration is not sur¬ 
prising, but it was sheer luck to come so close in determining the strength 
of solution A, when the dosage-response curve in the neighborhood of 
20 per cent increase in pain threshold is in the flat part of the sigmoid 
curve, as may be seen from figure 1. 

Winder 17 plotted the logarithm of the maximum threshold against log 
dose for data he obtained on morphine, Demerol, and aspirin. Here 
again, only the data obtained at the time of peak effect have been 
utilized. 

Some means is needed for taking into account all the data obtained. 
It seems likelv that the neglected values might do more than merely bol¬ 
ster the peak readings. There is some indication that the discrimination 
of the method might well be greater at other points. 

To data obtained on dogs by Gross in the above-mentioned collabo¬ 
rative study, Bliss 6 applied the statistical technique known as “discrim¬ 
inant function analysis. 1119 This is a relatively recent development, the 
basic principle of which may be deduced from figure 2, which presents 
further unpublished data obtained on human volunteers by Dr. Gross 
with Nu-1779. 9 It is assumed that each observation contributes some in¬ 
formation towards “discriminating 11 between the different dosage levels 
used. As shown in the graph, the individual readings obtained at the 
successive times of observations may be designated as yi, etc. The 
object of the analysis is to determine those coefficients for the various 
values of y in an algebraic equation relating dose to effect which maxi¬ 
mizes the discrimination between the various drug levels. Unfortunately, 
this calculation is far from simple. It would be especially tedious for the 
data shown here with 10 different values of y and has not been carried 
out. Needless to say, a simpler method of determining the coefficients 
must be evolved if this method is to become popular. 

Of greater interest, in this graph, is the visual evidence on the extent 
to which the effect of doubling the dose is reflected in the response of 
the subject. While this is one of the better examples obtained in this 
experiment, 100 per cent increments in dose can readily be distinguished 
nevertheless. 

The point on which the Hardy-Wolff-Goodell procedure is the most 
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EFFECT-TIME CURVES 

SHOWING DISCRIMINATORY POWER OF HARDY-WOLFF-GOODELL METHOD (Gross) 



Figure 2. 

vulnerable is the adverse influence that emotional and psychological 
distractions have upon the pain threshold. Dr. Wolff has himself em¬ 
phasized this point. 20 He has observed that, in a susceptible subject, the 
effect of 0.8 gm. of aspirin may be either duplicated or completely masked. 
On the other hand, subjects not amenable to suggestion show no demon¬ 
strable effect upon receiving placebos. This suggests rather forcibly the 
desirability of including placebos as an integral part of the design of 
critical experiments. 

D'Amour-Smith Method . Although the Hardy-Wolff-Goodell proce¬ 
dure has rather successfully resisted efforts to “improve” it, there is an 
important group of publications based on a substantial modification of 
the original method. This modification avoids the tedious, step-wise 
process of locating the threshold in successive trials, several of which are 
needed to determine the exact threshold intensity. This is accomplished 
by fixing the intensity of the stimulus and allowing it to act until a re¬ 
sponse results. 

Thus, D** Amour and Smith, 21 attracted by the report 10 of the remark¬ 
able stability of the Hardy-Wolff pain threshold in man, set out to try 
the fixed intensity technique in rats. Their apparatus was the height 
of simplicity, in that it consisted of an auto headlight bulb focused by a 
reflector on a groove into which the tip of a rat’s tail could be placed. 
Switching on the current started a stop-watch which was stopped when 
the rat flicked its tail away. Unfortunately, there is a limit on the amount 
of heat that may be applied without producing a burn. This necessitates 
cutting off the heat when analgesia is deep enough to prevent a response 
within a safe exposure time. The cut-off time is related, of course, to the 
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intensity of the stimulus, and most workers find that it is about 2| times 
the normal threshold time. One can be conservative in setting the cut¬ 
off time, since, with rats at least, there is little likelihood of obtaining a 
response at all if there has been none within twice the normal threshold 
reaction time. D 1 Amour and Smith cut off the stimulus at nine seconds. 
Others, using less intensity, have prolonged it up to 15 seconds. 

With respect to the normal responses, the statement of D’Amour and 
Smith is worth quoting. They say, “We were greatly surprised at last 
to find a biologic reaction subject apparently to very little individual 
variation. 11 Their rats, run twice a week, showed no evidence of condi¬ 
tioning. They give one protocol which permits calculation of the stand¬ 
ard deviation of the normal threshold as being roughly ±0.6 second or 
about 12 per cent of the average of 4.6 seconds. In our hands, the stand¬ 
ard deviation is ±0.27 second or about 8 per cent of our average of 3.5 
seconds. 

Interpretation of Data. With respect to handling the data of the 
D 1 Amour-Smith technique, it is interesting to note that, of the four 
groups of imestigators who have used it, no two have interpreted their 
data in exactly the same way. D’Amour and Smith converted their re¬ 
sults into the all-or-none type on the basis of the proportion showing 
“complete 11 analgesia within their cut-off time of about nine seconds. 
Ercoli and Lewis, 22 in 1944, calculated what they termed the “average 
analgesic dose, 11 which lends itself poorly to quantitative comparisons be¬ 
tween drugs. Davies and his associates 23 found that the increase in re¬ 
action time in seconds plotted linearly against log dose and used this 
basis of effects. Foster and Carman 24 describe an “analgesic index 11 
which is the square root of the ratio of the average maximum reaction 
time after the drug to the average pre-injection reaction time. They 
found that indices so obtained plotted against dose in approximately a 
straight line. Of these four methods, two measure the drug effects in 
terms of the increase in threshold, while the other two take the final level 
of reaction time as the better measure of effect. This lack of unanimity 
indicates fundamental differences in thinking. 

All of the above authors encountered the problem peculiar to tliis 
method engendered by the frequent occurrence of such complete anal¬ 
gesia that the test animal fails to respond "within the cut-off time. Thus, 
there results a set of data which is a hybrid mixture of graded andquan- 
tal responses. Thus far, this situation has been met by assuming that 
each animal actually reacted at the cut-off time and including these as¬ 
sumed values in the averages. This practice introduces a bias into the 
results which is less or great, depending on the actual magnitude of the 
arbitrary cut-off time. It is especially disturbing when the responses are 
figured in terms of the increases in reaction time above the normal. 
However, because of the simplicity of the D’Amour-Smith procedure as 
a whole, this problem is worthy of serious study. 
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To start with, there is the fundamental question of whether the re¬ 
action time of the medicated subject is correlated with that observed 
before dosing; that is, does a low normal threshold signify that the sub¬ 
ject will also show a lower threshold after medication? 

An answer to this question may be found in data obtained by Dr. 
Lewis of our laboratory, 25 using the D’Amour-Smith method, except 
that the stimulus was applied to the back instead of the tail. His experi¬ 
ment involved a comparison of methadone, levo-methadone, and a com¬ 
pound related to Demerol known to us as WIN 1539, and which chem¬ 
ically is l-methyl-4-(3-hydroxyphenyl)-4-piperidyl ethyl ketone hydro¬ 
chloride. The doses ranged from those producing just significant effects 
on the low side to those which made some, but not all, of the rats re¬ 
fractory on the high side. Four dosage levels were used which were 
spaced logarithmically in steps of 60 per cent increments. A group of 40 
albino rats was assigned to each drug, and sub-groups of 10 rats re¬ 
ceived a different one of the four doses on each test day according to a 
balanced, latin square design. Only three readings were made on each 
rat each test day, namely, the normal threshold and at 30 and 60 minutes 
after dosing. To insure that each rat would be exposed to the same heat 
intensity, the filament voltage was adjusted to a constant heat output 
using a radiometer. The stimulus was cut off at 8 seconds. 

Since Winder has shown that the frequency distribution of the normal 
thresholds of guinea pigs is more nearly normal on a logarithmic basis, 15 
our data were tested in this respect. While the distribution of the loga¬ 
rithms was slightly nearer normal, the difference was not great enough 
to justify the inconvenience of transforming the original data. 

The responses of the individual rats to the drugs give the impression 
of marked heterogeneity. However, study shows that they are distrib¬ 
uted in a fairly normal pattern with a few rats being sufficiently sensi¬ 
tive to the drugs that all three of the higher doses made them completely 
refractory to the pain stimulus, and with about an equal number show¬ 
ing relatively little analgesic effect from even the highest dose. There 
were some cases in which the effect from the lowest dose exceeded those 
of the three higher doses. 

As a simple means of showing whether the observed effects were cor¬ 
related with the respective normal thresholds, the latter were ranked in 
order from low to high. Then the respective post-injection reaction times 
of all average rats showing the same normal threshold were calculated. 
These averages represented the responses to all four doses of the same 
drug and are given in table 3. It is clear that the reaction times after the 
drug are not correlated directly with the initial reaction time. The fourth 
column for each group shows the percentage increase in threshold due to 
the analgesic. These increases are greatest for the lower normal thresh¬ 
olds and indicate the bias that results from the apparently erroneous 
assumption that the increase in threshold is the true measure of anal¬ 
gesia. 
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Other data confirm this lack of correlation. This suggests that the 
final threshold may be a better measure of effect. Furthermore, consider¬ 
able time might be saved in routine testing if one could omit the pre¬ 
injection normal threshold reading by insuring that the heat source is 
uniform and by following a cross-over experimental design. The prac¬ 
tical question arises—can the initial reading be omitted? And further, 
what value accurately represents the effect? Is it the average, the median 
or some other parameter? 

A careful study of the distribution of the individual reaction times 
following the three higher doses in the experiment just described,shows 
that there is such wide scatter that some doubt arises as to the propriety 
of striking even a simple average. This is particularly true for the high¬ 
est doses, where about half of the animals proved refractor}- and failed 
to give finite reaction times. 

Medians are sometimes useful in such cases and were determined, but 
it was found that they were not related to either dose or log dose in any 
obvious way. In fact, where more than half of the rats failed to react, 
as with the high doses of methadone and levo-methadone, the median is 
simply the eight-second cut-off time. The median can scarcely be used, 
therefore, as the measure of analgesic effect. 

The simplest statistical device available for answering the questions 
just expressed is that of plotting the data to see which basis appears to 
give a family of parallel, straight lines best fitting the dosage-response 
data on all three compounds. Graphs of two different approaches are 
shown in figures 3 and 4. The former shows the percentage increase of 
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Figure 4. 

the average threshold at 30 minutes after medication. While the points 
lit straight lines fairly well, it should be borne in mind that these data 
are biased in two ways. First of all, they are increases , and we have just 
seen that it is erroneous to assume that increases adequately reflect the 
analgesic effect. Second, the three highest points on each curve are 
partly assumed values since some rats were made completely refractory 
by the drug. Figure 4 shows the data on methadone and WIN 1539 
plotted according to Davies 125 method, and here again the same objec¬ 
tions hold. 

Finally, we resorted to a slight modification of the treatment used 
originally by D’Amour and Smith. They took the proportion of rats which 
showed “complete 11 analgesia, that is, those absolutely refractory within 
the cut-off time. It seemed more logical to use the distribution of the 
normals as the basis for defining what may be termed “positive 11 anal¬ 
gesia. Thus, the tolerance limits 26 * 27 were calculated for the normal 
thresholds, and the point was picked beyond which less than 0.01 per 
cent of the normals would be expected to fall within a certainty of 95 
per cent (P=0.95). The normals were sufficiently uniform for this divid¬ 
ing line to be the same for all the data, or about 1.4 seconds above the 
respective group average normal threshold. Thus, the values in table 4 
were obtained. These include the respective number of those considered 
“positive 11 and, of this group, those found to be “complete 11 or alto¬ 
gether refractory to stimulus within the 8-second exposure. The per¬ 
centage ““positive 11 is given in the next-to-last column. 
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Table 4 

Dosage—Eft-ect Data on Methadone, levo-Methadone and WIN 1539; 
D’Amour-Smith Method on Rats 


(40 rats per dose) 


Drug 

Dose 

Normal 


Analgesic effect 


mg.jJcg. 

thresh . sec , 

No . positive 

No, complete 

% Total 

Probit 

Methadone 

.8* 

3.49 

4 

0 

10.3 

3.74 


1.25 

3.43 

10 

2 

25.0 

4.33 


2.0 

3.44 

27 

6 

67.5 

5.45 


3.2* 

3.47 

38 

25 

97.4 

6.94 

levo-M ethadone 

.5 

3.44 

3 

0 

7.5 

3.56 


.8 

3.44 

15 

1 

37.5 

4.68 


1.25 

3.51 

33 

9 

82.5 

5.93 


2.0 

3.45 

40 

32 

100 

(7.50) 

WIN 1539 

.5 

3.37 

4 

0 

10.0 

3.72 


.8 

3.39 

16 

4 

40.0 

4.75 


1.25 

3.39 

26 

8 

65.0 

5.39 


2.0 

3.36 

37 

16 

99.5 

6.44 


• Only 39 rata on these doses, due to the accidental death of one rat of the group. 


Plotting the percentage of total “positives” against log dose gave 
curves with a strong sigmoidal trend, so that it seemed appropriate to 
rectify the curve by transforming the percentages to their correspond¬ 
ing probits. The resulting probit-log dose curves are shown in figure 5. 
An arrow attached to the point for the highest dose on levo-methadone 
indicates a 100 per cent response for which the expected probit is shown, 
there being no finite probit for 100 per cent. 

These curves involve no assumptions with respect to the initial thresh¬ 
old except that it is normally distributed, as may readily be shown. The 
cases of “complete” analgesia require no special consideration since they 
are surely “positive.” However, although these curves may have a some¬ 
what sounder theoretical basis, it must be admitted that, by visual in¬ 
spection at least, the fit of the straight lines is not significantly better 
than that seen in figures 3 and 4. Considering the reservations expressed 
regarding the validity of these curves, it seems scarcely justified to ap¬ 
ply the conventional statistical tests for goodness-of-fit to them. 

The graphical estimation of potency is the same for all of them, indi¬ 
cating that levo-methadone is about 70 per cent more potent than the 
racemic form and WIN 1539 is some 60 per cent stronger than dZ-meth- 
adone. Using the recently described nomographic procedure of Litchfield 
and Wilcoxon, 28 the respective potencies of Z-methadone and WIN 1539 
are 177 and 158 per cent of that of racemic methadone. The confidence 
limits are about ±30 per cent for P=.95, so that both drugs are clearly 
more potent than racemic methadone. The difference between Z-metha- 
done and WIN 1539 is not significant. 

By stating these potency estimates, attention is focused on the fact 
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DOSE, mg/kg 
Figure 5. 


that the ultimate object of an analgesic test is to obtain such an esti¬ 
mate along with some measure of its reliability, preferably the standard 
error. Since analgesia has two qualities, that of intensity as well as dura¬ 
tion, it is conceivable that potency estimates might be based on either 
or both. Thus far, however, no one has worked out a means of combining 
measurements of both of these into a single parameter so that, if con¬ 
sidered at all, they are taken separately. 

While practically all of this discussion has been devoted to discussing 
the radiant thermal stimulus methods, there is another thermal stimulus 
method which deserves passing mention. Woolfe and Macdonald 4 de¬ 
scribed the use of thermostatically heated zinc plates to provide a con¬ 
ducted thermal stimulus to the feet of mice. Dr. Eddy has kindly pro¬ 
vided me with data obtained using this method on normal animals and 
on mice treated with Demerol and methadone. 29 Analysis of these data 
indicates that the mice vary greatly, not only from one to another but 
also between control readings taken 20 minutes apart. The odds that 
such discrepancies were due to normal chance variation are about one in 
a hundred. In view of this, and of the generally accepted fact that mice 
are about the most heterogeneous small laboratory animal known, 
present information does not permit rating the Woolfe-Macdonald 
method very high except as a convenient, rough screening method. 
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Summary 

In summary, it appears that, of the three analgesic test methods which 
stand out, the tooth-pulp method has scarcely been studied enough to 
evaluate it fairly. The Hardy-Wolff-Goodell fixed-time method and its 
principal modification, the D 1 Amour-Smith fixed-intensity method, can 
be compared with the five criteria of the ideal method. Both rate well as 
to safety and universal applicability. The fixed-time method is the slower 
one when used on animals and therefore must be rated lower on the 
score of practicability. With human subj ects, this is much less important. 
Both methods discriminate about equally, although any advantage is on 
the side of the D’Amour-Smith technique. Really good information on 
the element of reproducibility is lacking, except for the normal thresh¬ 
old determination where the fixed-time procedure is definitely superior. 
Neither method is sufficiently sensitive. The effects of mild'analgesics 
such as aspirin are picked up only with difficulty and the maximum pos¬ 
sible effect is limited. 

From the standpoint of interpreting the data and making use of all 
the observations obtained, the complications are somewhat less formi¬ 
dable with the Amour-Smith method than with the original Hardy- 
Wolff-Goodell method. With both, there are fundamental problems still 
unsolved. 

In the final balance, it would appear that, for comparing analgesics 
in laboratory animals, the D 1 Amour-Smith method is preferable; for 
human subjects, the original Hardy-Wolff-Goodell method is best. 
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PHARMACOLOGY OF METOPON AND OT HE R 
NEW ANALGESIC OPIUM DERIVATIVES 

By NATHAN B. EDDY 
National Institute of Health , Bethesda , Maryland 

M ORPHINE has always been, and continues to be, the standard for 
comparison in the field of analgesia in spite of its many disad¬ 
vantages—irregularity of action of oral doses, dopiness (as a rule) with 
adequate pain relief, high incidence of side reactions, particularly nausea 
and vomiting, narrow margin between analgesic and respiratory depres¬ 
sant doses, and the property of rapid development of tolerance and ad¬ 
diction. The most intensive attack upon these disadvantages began 
about 20 years ago in the coordinated program of the Drug Addiction 
Committee of the National Research Council. It advanced under those 
auspices through 1939 and is still going forward at the National Institute 
of Health. Hundreds of morphine derivatives have been made and ex¬ 
amined pharmacologically, to try to find the group, or groups, in the 
morphine molecule associated with its various actions and the modifica¬ 
tion of those groups which would result in the most satisfactory clinical 
effectiveness. The data collected permit a number of generalizations: 

(i) Modification (muzzling) of the phenolic hydroxyl decreases and sub¬ 
stitution or removal of the alcoholic hydroxyl increases morphine¬ 
like activity. 

(2) Removal, by hydrogenation, of the double bond adjacent to the 
alcoholic hydroxyl usually increases activity. 

(3) Opening the nitrogen ring practically abolishes morphine-like activity. 

(4) Attachment of an alkyl group to the hydroaromatic ring results in 
quantitative dissociation of morphine-like effects, increasing some 
and decreasing others. 

(5) No active morphine derivative has been made which is entirely free 
of addiction liability. 

A description of a few of the newer morphine derivatives will illus¬ 
trate, in some measure, these generalizations, and will permit an ap¬ 
praisal of the extent to which progress has been made toward the goal 
of greater clinical effectiveness. 

About 25 years ago, German chemists made the ketone derivatives of 
morphine and codeine, namely Dilaudid and Dicodid. The former was 
introduced in this country in 1932; the latter quite recently, both as 
Dicodid and Hycodan. Figure 1 shows the structure of these com¬ 
pounds and their relation to morphine and codeine, respectively, and 
table 1 gives the minimal doses for some of the more important effects. 
With both the morphine and the codeine, analog toxicity and activity 
have been increased by hydrogenation and by the introduction of the 
ketone, and to about the same extent. In other words, although the ef- 
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CODEINE DIHYDROCODEINE DIHYDROCODEINONE 

(DICODID) 

Figube 1. 

fective analgesic dose has been greatly reduced in Dilaudid and Dicodid, 
the dose for the production of other less desirable effects has been re¬ 
duced similarly. Also, the properties of tolerance, of dependence pro¬ 
duction, of pain relief, and of anti-tussive action have changed in the 
same direction. Dilaudid, then, offers little advantage over morphine in 
any respect, except reduction in the size of the dose to produce an effect. 
Dicodid has been used in this country principally for cough relief, and 
a number of reports have appeared comparing it with codeine for that 

Table 1 

Effective Doses in Animals 



LDbo 

Mouse 

Depressant 

Rat 

Analgesic Emetic 
Cat Cat 

babbit V 

Intestinal 

Rabbit 

Morphine 

531 

4.50 

0.75 

0.99 

0.15 

4.54 

Dihydromorphine 

133 

7.90 

0.96 

0.17 

0.11 

3.54 

Dihydromorphinone 

84 

0.80 

0.17 

0.08 

0.01 

0.69 

Codeine 

941 

16.00 

8.04 

16.00 

1.30 

16.00 

Dihydrocodeine 

335 

14.10 

7.90 

3.93 

0.90 

5.80 

Dihydrocodeinone 

86 

4.90 

1.98 

9.56 

0.08 

3.40 


purpose. These reports have denied the development of tolerance and 
dependence and have claimed good anti-tussive effect with Dicodid. 
Cases of addiction to Dicodid were described in Germany where the drug 
was more widely used, much more frequently, in fact, than one would 
expect with similar administration of codeine. The risk of addiction, 
even with morphine, is somewhat reduced by keeping the dose at the 
minimal level for symptomatic relief, so that the small doses of Dicodid 
which are used for cough may be attended by less risk of addiction than 
the amounts which were used by the Germans for other purposes. All 
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the evidence indicates, however, that the risk is materially greater than 
with codeine, and recognition of this fact is essential, even though the 
use of Dicodid is limited to the treatment of cough. 

The Germans made another ketone derivative of codeine, namely, 
dihydrohydroxycodeinone, which they named Eucodal (figure 2). It is 



D1HYDROCODEINONE DIHYDROHYDROXYCODEINONE 

(DICODID) (EUCODAL) 

Figure 2. 

most closely related to Dicodid, differing from the latter by the introduc¬ 
tion of a hydroxyl group at C-14. Experimentally, Eucodal is less toxic 
than Dicodid, but it is more emetic and not materially different in other 
respects. Reports in the German literature, and our own experience in 
its substitution for morphine in known addicts, indicate that it has a 
high degree of addiction liability, probably comparable to that of mor¬ 
phine itself. Eucodal Has not been introduced in this country, and it is 
doubtful that anything will be gained by its employment. 

By complete removal of the alcoholic hydroxyl of morphine and its sub¬ 
stitution by hydrogen (figure 3), analgesic effect has been increased as 
much, or more, than in any other morphine derivative (table 2). This 

Table 2 



Effective Doses in Animals 

LDfjn Depressant Analgesic 

Emetic 

B -ralorv 

Intestinal 


Mouse 

Rai 

Cat 

Cat 

Rabbit 

Rabbit 

Morphine 

531 

6.75 

0.75 

0.22 

0.15 

4.54 

6-Acetylmorphine 

293 

1.8 

0.18 

0.18 

0.019 

0.8 

Dihydromorphine 

133 

7.9 

0.26 

0.17 

0.11 

3.54 

Dihydrodesoxymorphine-D 

104 

0.32 

0.08 

1.0+ 

0.012 

0.32 

6-Acetyldihydromorphine 

99 

6.3 

1.35 

0.90 

0.072 

1.8 


has been established clinically as well as experimentally. The emetic 
effect of Desomorphine is slight, but the duration of its analgesic action 
is short, not more than half that of morphine, its respiratory depressant 
effect is exaggerated as much as its analgesic action, and its addiction 
liability is, perhaps, as great as that of morphine. 

During the last war, when it seemed possible that our morphine sup¬ 
ply might become short, attention was focused for a time on 6-acetyl- 
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DIHYDRODESOXYMORPHINE-D 6-ACETYLMORPHINE 

(DESOMORPHINE) 



6-METHYLDIHYDROMORPHINE 
Figure 3. 

morphine (figure 3). It can be produced in quantitative yield from mor¬ 
phine by very simple means, and the product is 4 times more effective as 
an analgesic agent. Unfortunately, all morphine-like effects are increased 
to about the same extent, so that the only gain resulting from mono¬ 
acetylation of morphine seems to be that one obtains 4 analgesic doses 
for each one entering into the reaction. 6-Acetyldihydromorphine (table 
2) is an exception to the generalization that hydrogenation of 7-8 double 
bond increases morphine-like activity. The compound is less effective 
in sedative, analgesic, and respiratory action than 6-acetylmorphine. 

6-Methyldihydromorphine is a new type of modification of the mor¬ 
phine molecule. The alcoholic hydroxyl is retained and a methyl group 
is substituted for hydrogen on the same nuclear carbon. Analgesic effect 
is exhibited by this compound to the same extent as by morphine itself, 
and the duration of this effect has been increased almost twice. Most 
noteworthy is the fact that 6-methyldihydromorphine seems to have 
almost no effect on the withdrawal symptoms of known morphine ad¬ 
dicts. The first and simplest test, in the assay of addiction liability in 
any new agent, is administration of a single dose at the peak of the mor¬ 
phine abstinence syndrome, and resulting suppression of the syndrome 
is considered evidence of addiction-sustaining potency. Absence of such 
suppression with 6-methyldihydromorphine indicates at least that it has 
low addiction-sustaining power and suggests that it may have low addic¬ 
tion-producing liability. 

Methyldihvdromorphinone or Metopon (figure 4) is another new 
type of morphine derivative in which, in addition to hydrogenation and 
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(nethyldihydromorphinone ) 


Figure 4. 



substitution of the alcoholic hydroxyl by oxygen, a new substituent, a 
methyl group, has been attached to the hydroaromatic ring of the mor¬ 
phine molecule. The last is the essential feature, because in comparison 
with dihydromorphinone (table 3) Metopon exhibits an exaggeration 

Table 3 

Effective Doses nr Animals 



LDfio 

Mouse 

Depressant 

Rat 

Analgesic 

Cat 

Emetic 

Cat 

Respiratory 

Rabbit 

Intestinal 

Rabbit 

Dihydromorphinone 

84 

1.77 

0.17 

0.08 

0.011 

0.62 

Methyldihydromorphinone 

25 

3.00 

0.07 

0.15 

0.012 

3.00 


of analgesic effectiveness and diminution of sedative, euphoric, emetic, 
and intestinal actions. Animal experiments and preliminary clinical trial 
established these differences and, furthermore, indicated that oral and 
parenteral analgesic doses were essentially the same. With prolonged 
administration, tolerance and dependence developed more slowly with 
Metopon than with morphine. These results suggest that Metopon is an 
analgesic agent particularly advantageous for oral administration for 
chronic pain, since its action should be attainable with relative freedom 
from side effects and without the disadvantages of hypodermic injection 
and of loss of effectiveness by rapid development of tolerance. 

About two years ago, the Committee on Drug Addiction of the Na¬ 
tional Research Council recommended limited production of Metopon 
and arranged for its distribution for one year under its supervision. The 
Committee intended a large-scale clinical experiment in which the drug 
would be made available to one class of patients, cases of terminal malig¬ 
nancy, and reports would be gathered on its usefulness. Acting for the 
Committee, the author has screened all Metopon orders and has ana¬ 
lyzed and tabulated the physicians’ reports. The drug has gone to more 
than five thousand cancer patients, and reports have been received on 
its trial in more than half of that number. 

Table 4 summarizes the results as shown on all reports, disregarding 
dosage and other disturbing factors. Pain relief has been fair or better 
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Table 4 


Pain relief with Metopon, all reports 


Complete 

33.3% 

Fair 

41.8 

Poor 

18.0 

None 

7.8 

Mental condition after Metopon 

Clear 

74.2% 

Dull 

18.8 

Dopey 

5.2 

Confused 

1.6 


Sleep promoted, or permitted, by relief of pain 27.0 

in 74 per cent of all trials, and mental clarity without tendency to sleep 
has been reported in an equal number. Side reactions (table 5) have 
been entirely absent in 90 per cent. Nausea, the most frequent and most 


Table 5 

Side Reactions with Metopon 

None 2096 

Nausea 142 

Restlessness 28 

Headache 17 

Perspiration 18 

Dryness or burning in throat or stomach 21 

Dizziness 13 

Euphoria 10 

Disturbing dreams 9 

Burning of skin and/or hot flashes 7 

Itching 6 

Anorexia 6 

Urticaria 2 

Tinnitus 3 

Allergic reaction 2 

Difficulty in urination 2 

Palpitation 1 

Hiccough 1 

General numbness 1 

Nausea, previously reported (376), persisting after Metopon 36 

Signs of physical and psychic dependence for which Metopon 
was admittedly discontinued after brief trial 138 

Signs of physical dependence disappearing under continued 
Metopon administration 52 


disturbing side reaction, has been reported 142 times, but was evident 
in only 36 out of 376 patients for whom its occurrence after other medi¬ 
cation is known to have been a reason for trying Metopon. Other side 
reactions have been minor and infrequent. 

The greatest difficulty encountered in the trial of Metopon stems 
from the amount of previous medication for pain relief. Among the cases 
reported, Metopon has been tried in little more than 100 who had re- 
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ceived no previous narcotic; in about 500 who had received narcotics for 
6 weeks or less, a period in which some but relatively little tolerance and 
dependence will have developed as a rule; and in four times that number 
who had received narcotics for 2 months or more, when tolerance and 
dependence almost always will have developed. Using only the results of 
doses of 6 mg., the recommended minimal analgesic dose, these have 
been grouped to determine the influence of the previous medication 
(table 6). Quite definitely, the more previous narcotic medication the 

Table 6 

Influence of Previous Narcotic Administration 



on Result Obtained with Metopon 
( 6 mg. per dose) 


Number of cases 

No previous 
narcotic 

48 

Narcotic administration 

6 weeks or less 

213 

Narcotic administration 
2 months or more 

665 

Pain relief: 
Complete 
Fair 

Poor 

None 

5}«% 

1 

3 

57}™% 

40 

23 

244J 63 

160 

85 

Incidence of nausea 0 

9 

30 


patient has received, the less will be the incidence of adequate relief. 
When tolerance to morphine and related substances has developed, 
some degree of cross-tolerance to Metopon may be present, diminishing 
somewhat its effectiveness. 

It is significant that nausea after Metopon has not been reported in 
the patients who had received no other narcotic. This would indicate 
that much of the nausea reported among the side reactions was related 
to the previous narcotic administration, a withdrawal sign, and was 
not a direct effect of Metopon. The drug not only is slower in producing 
dependence but also incompletely supports an established dependence. 
The switch from morphine, etc., to oral Metopon can be and has been 
made satisfactorily in many of the cases reported, many times in spite 
of the temporary appearance of mild abstinence phenomena. It will be 
effected most easily, probably, by rapid reduction of the other drug dur¬ 
ing the first few days of Metopon administration. 

More than 300 physicians have submitted two or more reports on the 
same patient, covering periods of administration of 3 to 20 weeks. At 
least two-thirds of these cases have shown no indication of development 
of tolerance to Metopon. 

Metopon is difficult and expensive to make and will probably continue 
to be in limited supply. Consequently, it should not be considered a 
substitute for, or competitor with morphine for hypodermic adminis¬ 
trations for pre- and postoperative cases, for example. Rather, its ad- 
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vantages adapt it particularly to the ambulatory or semi-ambulatory 
patient with chronic pain. Indeed, in this field it stands out among mor¬ 
phine derivatives and other current agents of like potency as an anal¬ 
gesic for oral administration. Its use should be restricted, of course, to 
those cases in whom pain is of such severity as to demand an analgesic 
of morphine-like effectiveness. Especially if its use is started before tol¬ 
erance to other narcotics has developed, it can reasonably be expected 
to give adequate pain relief for a longer period, not in hours per dose, 
but in weeks of comfort without notable tolerance and dependence, and 
to give that relief almost always without side reactions or dopiness. 



PHARMACOLOGY OF DEMEROL AND ITS 
ANALOGUES 

By FREDRICK F. YONKMAN* 

Research Department , Ciba Pharmaceutical Products , Inc., Summit , N. J. 

I N presenting the pharmacology of Demerol we have been forced, by 
limitations of space, to restrict the extent of our discussion, and we 
have selected from the numerous reports concerned with the pharma¬ 
cology of this compound those features which we deemed to be the most 
important. 

At least three of the previous papers have cited the fact that Demerol 
was the result of a search for a new synthetic atropine substitute. When 
Eisleb and Schaumann 1 synthesized Demerol back in 19S9, they were 
not in search of a new analgesic agent but were seeking, rather, a spas¬ 
molytic agent which would act anticholinergicallv in the manner typical 
of atropine. The synthetic chemist reminds one of the hopeful fisherman. 
Frequently he goes out with the best equipment but all too often returns 
with very small fish. Then again, another may launch forth on his fishing 
expedition with a meager amount of equipment and facilities and come 
back with the prize, just as Eisleb and Schaumann did. Too often most 
of us go out full of hope and expectancy only to experience the pulling up 
of redundant material such as a lead boot or useless items comparable to 
a discarded tire; but apparently that is what keeps us going—the un¬ 
expected—and in time, we keep telling ourselves, some of us may be able 
to duplicate the experience of Eisleb and Schaumann. 

There is some similarity, from a structural point of view, between 
Demerol, atropine, and morphine. A glance at the morphine structure 
(figure 1) indicates that it is not a phenanthrene derivative as had long 
been supposed, but, according to Gulland and Robinson, 2 it is a deriva¬ 
tive of the piperidine nucleus. In this sense, Demerol is akin to morphine 
since it, too, is a piperidine derivative; actually, by name, it is 1-methyl- 
4-phenylpiperidine-4-carboxylic acid. The similarity in terms of piperi¬ 
dine derivatives probably could account for the analgesic action of both 
Demerol and morphine but certainly could not be held accountable for 
the smooth-muscle actions of the respective compounds, since they are 
distinctly at variance in that morphine is spasmogenic whereas Demerol, 
as a rule, is spasmolytic. This point will be elaborated upon later. Refer¬ 
ence to the atropine structure in figure 1 , if one is permitted to follow 
the pencil gymnastics of Schaumann, discloses that atropine could also 
be considered a close chemical relative of Demerol and, therefore, one 
could conclude that the somewhat similar pharmacological actions in 
terms of spasmolysis and anticholinergic activity might have been an- 

* Lecturer in Pharmacology and Therapeutics, College of Physicians and Surgeons, Columbia Uni¬ 
versity, New York, N. Y. 
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Figure 1. Atropine, Demerol (Dolantin), and morphine (Schaumann). 

ticipated. However, it is difficult to correlate the different types of cen¬ 
tral nervous system activity of Demerol and atropine on the basis of 
their chemical structures. Again, which feature of a chemical formula 
determines this type of activity or that, is indeed a fact difficult to prog¬ 
nosticate. We see certain resemblances and then hope for some degree 
of correlation. The latter is permissible up to a point; but extensive 
speculation is merely that, and frequently it leads ultimately to con¬ 
fusion. 

Considerable pharmacological investigation of Demerol was made in 
this country soon after its introduction on the European continent. 
Along with the work of Climenko 3 and Barlow 4 in the Winthrop Labo¬ 
ratories at Rensselaer, we have the very important work emanating from 
university laboratories under the name of Gruber and his associates, 
Hart and Gruber, Jr. 5 Table 1 indicates the relative safety of Demerol 
in three species of experimental animals, namely, white mice, albino 
rats, and rabbits: 

Table 1 


Animal 

Route of administration 

^50 

mg.jkg. 

White mice 

f Intraperitoneally 
\ Orally 

U7 

231 

Albino rats 

Intraperitoneally 

93 

Rabbits (average weight 1.7 kg.) 

Intravenously 

32 

Rabbits (average weight 3.1 kg.) 

Intravenously 

20 


This work substantially agrees with that of several other investigators, 
and clinical experience with Demerol during the last several years sup¬ 
ports the contention made earlier by various investigators that Demerol 
should prove to be a safe drug from the point of view of toxicity. 

Gruber and his associates were eager to determine the acute effects of 
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Figure 2. Dog 13 kg. Q. Ether anesthesia. Bottom record, time in intervals of 6 seconds and zero 
blood pressure; above it, time and speed of injection of the drug, 50 mm. mercury pressure. L, vol¬ 
ume record of rear extremity; K, kidney volume; S, volume of spleen; B, arterial blood pressure with 
mercury manometer. 0 Indicates simultaneous points of all the levers. Up movement in L, X, and S 
records indicate increases and down movement decreases in volumes of the organs. At 1, 5.0 mg. of 
Demerol per kilogram were injected intravenously. 


Demerol when administered intravenously to the anesthetized animal 
such as the dog. There resulted (figure 2) a marked hypotension, of not 
too long duration, which was associated with an increase in leg volume 
and spleen volume, apparently at the expense of kidney volume, which 
was decreased. In other words, there was a redistribution of the blood 
associated with the acute hypotension, following the administration of 
Demerol. These data early brought the attention of the enterprising 
clinician to the fact that intravenous administration of Demerol might 
be associated, in the clinical patient, with marked symptoms of toxicity 
related to the acute hypotension. This will be referred to later when we 
discuss the clinical pharmacology of Demerol. 

Demerol has recently been compared with methadone with reference 
to their effects on the blood pressure and respiration of the anesthetized 
dog. Demerol and methadone (figure 3) are both depressing to blood 
pressure and likewise depressing to respiration. But the experiment 
cited, one which has been frequently and amply confirmed by others, 
demonstrates the propensity of methadone to depress respiration. This 
variance is a fact which becomes of considerable importance clinically, 
especially in the field of obstetrics, which will be referred to later. 

During our early experiences 6 with Demerol while at Wayne Univer¬ 
sity in Detroit, we were impressed with the fact that this drug had ex¬ 
hibited important antihistaminic properties. This was detected in vari- 
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Figure 4. Demerol and atropine. 
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Figure 6. Rabbit uterus strips. 
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observed by others and we wish to report here complete corroboration 
of this fact as first reported by Gruber and his associates. 

Because of the important contributions Dr. Gruber had made when 
he corroborated the work of my preceptor in pharmacology. Dr. 0. H. 
Plant, 7 in reference to the spasmogenic action of morphine on the in¬ 
testine, it was highly desirable that we determine the character of the 
action of Demerol in this regard. Figure 6 illustrates the spasmogenic 



Figure 6. Reduced to 1 original size. Dog 10.4 kg. $. Unanesthetized with Thiry-Vella fistula of 
ileum. Top record is of intestine and bottom record is the time in intervals of 15 seconds. Upstroke 
indicates contraction of muscle and increased tonus. At 1, 2.0 mg. per kilogram of Demerol were in- 
jected intravenously. For publication purposes, 15 minutes of the control record have been omitted 
and 5 minutes between records A and B. 


type of action manifested by Demerol when injected intravenously in 
the dog prepared with a Thin'-Vella loop whose activity was registered 
kymographically by the so-called closed-balloon manometric method. 
Gruber’s work in this regard has been amply confirmed by the work of 
many investigators including that of our associates. 6 Because of the var¬ 
iance which frequently prevails between the results obtained experi¬ 
mentally in animals and in man, we were most eager to determine the 
effect of Demerol on the gastrointestinal tract of man. Figure 7 demon¬ 
strates the arrestive or quieting action of Demerol (S-140) on the in¬ 
testinal tract of a patient prepared with an ileostomy. Peristaltic activity 




r 
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Figure 7. Demerol in man. 
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(or the large tonal waves) as seen in the control period was either pre¬ 
vented or decidedly moderated by Demerol, whereas morphine was spas¬ 
mogenic in its typical manner. Interestingly enough, Demerol was not 
successful in preventing the spasmogenic activity of morphine in this 
patient, a finding different from that which frequently prevailed in the 
colon. Figure 8 presents a comparative study of morphine and Demerol 



DEMEROL COIIF. ASLEEP RESP. GAS? GAS? SNORING RESP.15/i2n. 



Figure 8. Demerol and morphine in man. 


on the colon made in a patient afflicted surgically with a cecostomy. 
One notes that morphine was spasmogenic in this patient, whereas Dem¬ 
erol was spasmolytic in spite of the colonic spasticity prevailing after the 
opiate. 

We are indebted to Dr. Batter man 8 for his excellent studies on the 
effect of Demerol on the stomach. Dr. Batterman has made one of the 
finest investigations of Demerol, both experimentally and clinically, in 
this country, and it is a pleasure to pay him this tribute. One notes (figure 
9) that Demerol invariably produced a quiescent effect on the normal 
contractile waves prevailing in the stomach of man. This effect prevailed 
for varying periods of time, depending upon the patient and the dosage 


STOMACH fttnffto^sont. in 



400 ro. in 


Figure 9. Demerol. (From Batterman. 8 ) 
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deployed, hut i 4, in porttU/- to note tli.it m no instance did Demerol 
produce a ^p imuocci'Ic effect •similar to that which it produces in the ex¬ 
perimental dog or like th it which morphine produces in man. This is a 
tact of went importance from a clinical point of \iew. 

There remained one portion of tue alimentary tract to be studied in 
detail, namely, the duodenum and the jejunum, and for these studies we 
are indebted to Dr. Gnender and his associates 1 at the Boston City Hos¬ 
pital. who employed the technique designed by McGowan, Butsch, and 
others 1 ar the Mayo Clinic. Fru'RF. 10 senes to illustrate the technique 



Pigukb 10. Apparatus connected to T-tube. This picture was taken shortly after 
administration of morphine; the fluid in the manometer has started to nse. 

employed. Following cholecystectomy or renumil of the gall bladder in 
certain patients, a T-tube was left in the common bile duct for purposes 
of drainage. At appropriate periods, this tube was connected manomet- 
rically to a saline or water flow system, the elevations and fells of which 
could be registered kymograpbically with a tambour system. The effects 
of various drugs are readily observable in fiuubes 11 and 12. One notes 
that amyl nitrite, following inhalation, relaxes the tone of the duodenum 
or jejunum whereas Demerol is markedly spasmogenic, much as it is in 
the ileum or small intestine of the dog. 

Added evidence concerning the spasmogenic properties of Demerol is 
gained from cholangiograms of the patients studied with the use of dio- 
drust instilled directly into the common duct. Following Demerol, no 
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Figure 11. Kymograph tracings showing pressure changes associated with two instances of biliary 
colic produced in different patients by the administration of 100 mg. of Demerol intramuscularly. Re¬ 
lief in the first case was obtained with inhalations of amyl nitrite and in the second with 240jmg. of 
theophylline with ethylenediamine (aminophylline) given intravenously. P, pain. The base line or 
zero level m this and succeeding illustrations is at the level of the xiphoid with the patient in the 
prone position. (From Gabvslbr et al. *) 



Figure 12. Demonstration of the inability of Demerol to relieve morphine-induced spasm. In this 
particular patient, Demerol produced more spasm than did morphine. Relief was obtained with amyl 
nitrite. (From Gaensler et aV') 


diodrast passed through tie sphincter of Oddi into the duodenum (figure 
13), whereas inhalations of amyl nitrite relaxed this spasticity to such an 
extent that diodrast, as a contrast medium, did pass through the sphinc¬ 
ter appreciably to reduce the amount contained in the common duct. 

When one reviews the compilation of studies of ten patients with 
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F igi.be 13. A, cholan^ograms: there r* marked spasm at the lower end of the common bile duct 
with cLlatation abo\e hj drohepatosis . No diodrast reached the duodenum. B , the second plate was 
taken one minute following inhalation of am>l nitrite. The sphincter has relaxed and contrast media 
is flowing freelj in to the duodenum From Gaensler it al 

T-tube drainage of the common bile duct under the influence of codeine, 
Demerol, and morphine (figure 14), one is impressed with the close par¬ 
allelism between the spasmogenic action of Demerol and morphine. In 
almost e\ery case, codeine was not a> spasmogenic in its action as w T ere 



Figure 14. Comparison of the spasmogenic action of codeine, Demerol, and morphine on the sphinc¬ 
ter mechanism of the common bile duct as measured b> changes in the mtrabiliary pressure in man. 
f From Gaensler et a l.U 

Demerol and morphine, and it is also ob\ ious that Demerol was almost 
always as active spasmogenically as morphine in each patient. The vork 
of Gaensler and his associates is an important contribution to the phar¬ 
macology of Demerol in man, and, although it confirms the results ob¬ 
tained in the dog prepared with the Thiry-Vella loop, it comes somewhat 
as a surprise in view of the general spasmolytic rather than spasmogenic 
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action of Demerol in the gastrointestinal tract of man (except in the 
duodenum and jejunum). 

Became of the work of Gaensler and his associates, we were eager to 
determine the effects of Demerol on one portion of the colon which had 
not been preuously studied, namely, the rectum. The effects of morphine 
on the entire colon had been well known, 11 as illustrated in figure 15. 
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Figure 15. Colostomy (male). 



The spasmogenic action of morphine undoubtedly accounts for the 
marked constipation observed in many patients postoperati\elv and in 
addicts, if the same action prevailed following Demerol, this would ob¬ 
viously be a decided deterrent to its broad clinical usage. Clinical ex¬ 
perience over se\ eral years had failed to support the idea that Demerol 
was constipating like morphine. The kymographic e\idence was not at 
hand and we therefore approached Dr. Frederick R. Steggerda 12 of the 
Department of Physiology at the Unhersity of Illinois in Urbana, to 
make such studies with his specially designed rectal insufflation tube 
technique. Figure 16 indicates the relaxing effect of Demerol on the distal 
colon of three different subjects. In no instance w r as Demerol spasmo¬ 
genic as it is in the duodenum and jejunum. This failure of spasmogenic- 
ity pre\ ailed despite marked side effects in one patient w r hich proceeded 
to the point of fainting. One notes that, in each of the three subjects 
studied, a dose of 100 mg. of Demerol intramuscularly elicited either no 
side effects, moderate side effects or se\ ere side effects in the respecth e 
subjects, a finding supported amply by wide clinical usage. 

The failure of Demerol to act spasmogenically like morphine in the 
colon of man is further emphasized by figure 17, winch presents a kymo¬ 
graphic tracing obtained from a young man with a colostomy. This pa¬ 
tient, at the Detroit Receiving Hospital, had received Demerol in a 
dosage of 250 mg. day for four days prior to this experiment. One notes 
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Figure 16. Demerol in man. 
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Figure 17. Demerol in man. 


that the colonic tracing is quite uniform and presented no variations 
from several previously obtained control tracings even after 200 mg. of 
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Demerol (Dolantin) had been injected intramuscularly. It is quite evi¬ 
dent why Demerol is to be preferred clinically in those patients who react 
prominently by way of a spasmogenic effect to morphine following either 
acute or chronic administration of the drug as indicated. 

Analgesia 

The analgesic power of Demerol has been tested by various means. As 
a rule, one of the important test objects has been the white rat. Figure 
18 is taken from the work of Dr. Tainter and his associates 13 at the Ster- 



Figure 18. Comparison of the analgesic power of Demerol, methadone, and morphine, as tested by 
the proportion of rats responding to a 4-second heat stimulus to the skin 30 minutes after subcuta¬ 
neous injection of graded doses of the three analgesics. (From Tainter. 1 -*) 

ling-Winthrop Research Institute and indicates the comparative anal¬ 
gesic potencies of Demerol, methadone, and morphine. It is noted that 
the various analgesic agents are effective in 50 per cent of the animals 
tested in the following milligram per kilogram dosages: methadone 0.48, 
morphine 1.65, and Demerol 7.4; hence, methadone was 3.4 times more 
potent than morphine, whereas it was 15 times stronger than Demerol. 
By this standard and test as employed, methadone was the most potent 
analgesic of the three compared. 

The analgesic power of Demerol had been compared earlier with that 
of morphine and codeine in human subjects using the Wolff-Hardy- 
Goodell technique, by various investigators and particularly by Dr. 
Barlow, formerly of the Sterling-Winthrop Institute. Figure 19 depicts 
the comparative action of two doses of Demerol in terms of codeine and 
morphine analgesia. It is noted that Demerol ranks between codeine and 
morphine, and although it is not quite as potent an analgesic agent 
as morphine it is definitely superior to codeine in the ordinary doses em¬ 
ployed. 

It was our privilege to have participated in the study of Demerol in 
clinical subjects 14 while at Wayne University, and I wish gratefully to 
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MINUTES AFTER ADMINISTRATION 
BY INTRAMUSCULAR INJECTION 

Figure 19. Comparison of analgesic power of morphine. Demerol, and codeine in human subjects 
when tested by the pain threshold of the skin to heat stimuli. The curves are the averages of 16 ex¬ 
periments. (From Tainter. 11 ) 

acknowledge the line cooperation of our former associates, Dr. Paul 
Noth and Dr. Hans Hecht. Dr. Noth, of the Department of Medicine 
at Wayne University, conducted his studies at the Detroit Receiving 
Hospital and Dr. Hecht, now of the University of Utali but formerly of 
the same Department, made his studies at the William J. Seymour Hos¬ 
pital, Eloise, Michigan. It was a genuine pleasure to have worked with 
both of them. 

The appraisal of the analgesic effect of Demerol was made in terms of 
the degree of relief obtained, that is, either complete or partial relief, or 
failures expressed as no relief. It is of interest to note the varying types 
of pain which were studied. As one scans table 2, one observes that pain 


Types of pain 


T vble 2 

Analgesic Eiiect of Demerol 
Results 



So. of cases 

Complete relief 

Partial relief 

jVo relief 

Arthritic 

9 

6 

3 

1 

Gastrointestinal 

32 

13 

6 

l 

Biliary tract 

a 

3 

1 

1 

Renal 

t> 

6 



Osseous and/or nerve 

36 

14 

8 

4 

Headache 

IB 

23 

Lj 

3 

Pleural 

13 

8 

3 

2 

Cardiac 

10 

7 

2 

1 

Miscellaneous 

13 

9 

4f 

2 

Total 

123* 

81 (65.8%) 

27 (22.0%) 

15 (12.2% 


Five patients had 2 types of pain. 
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associated with spasm of a hollow \iscus seemed tolcnd itself mostreadily 
to Demerol therapy. The two failures noted under gastrointestinal and 
biliary tract types of pain could have been due to the spasmogenic effect 
of Demerol in the upper part of the digesthe tract. Despite the fact that 
Demerol is an analgesic agent centrally, the functional pathology pre¬ 
siding at the site or source of pain in the upper digestive tract might 
have been too severe (increased spasm!) to be adequately covered by the 
central analgesic action of Demerol. An attempt was made to break 
down the analgesic appraisal into three groups, which, in reference to the 
degrees of pain, were classified as very severe, severe, and moderately 
severe. The degree of relief was expressed, as in table 3, in terms of com- 

TYBIE 3 

AnVLGISIC ElIICT O* DrMEJtOL 
(127 instances in 81 patients) 

Degree of pain Remits 



/- 

('omplete relief 

Partial 

ret ief 

No relief 


NtK 

(i roup 

So. 

(troup 

No. 

Group 

Group l 

instances 

% 

instances 

o/ 

/o 

instances 

O' 

/O 

Very severe 
(H instances) 

Group 2 

26 

■59.1% 

8 

i«.2% 

10 

33.7% 

Severe (50 instances) 

Group 3 

29 

58.0% 

n 

98.0% 

7 

14.0% 

Moderately severe 
(33 instances) 

23 

75.7% 

6 

18.3% 

0 

6.1% 

Combined groups 

80 

63.0% 

28 

93.0% 

19 

15.0% 


(127 instances) 

plete and partial relief, or failure expressed as no relief. One observes 
that the analgesic effect of Demerol is 85 per cent, which closely approxi¬ 
mates that set forth in table 2, namely, about 87 per cent. 

Sedation 

Another important pharmacodynamic action of Demerol is that of 
sedation. Although this is not as prominent with Demerol as that ex¬ 
perienced with morphine, it can be made use of in certain patients. 
Table 4 indicates the degree of sedation observed, with or without sleep, 
in throe varying degrees of pain previously described, namely, very se¬ 
vere, severe, and moderately severe. One observes that sleep was induced 
inapproximatcly50 per cent of the patients studied. This might well have 
been due to the fact that pain in many of these patients, especially in 
group 1, liad been so severe that considerable insomnia was endured by 
the patient because of attending pain. The analgesic action of Demerol, 
resulting in obtunding of the pain, might have permitted sleep in the 
exhausted patient so that sedation, although apparent, might have been 



74 


Annals: New York Academy of Sciences 

Table 4 

Sedative Eitect of Demerol in Presence or Pain 


Degree of pain 

(99 instances in 

81 patients) 

Results 




Sleep induced 

Sedation 
without sleep 

No effect 


yo. Group 

No. Group 

No. 

Group 

Group 1 

instances % 

instances % 

instances 

% 

27.3% 

Very severe 
(S3 instances) 

Group 2 

18 345% 

6 18.2% 

9 

Severe (37 instances) 

Group 3 

15 40.5% 

15 40.5% 

7 

19.0% 

Moderately severe 
(39 instances) 

17 58.6% 

9 31.0% 

3 

10.4% 

Combined groups 
(99 instances) 

50 30.5% 

30 30.3% 

19 

19.2% 


gained indirectly by relieving pain as the cause of sleeplessness, rather 
than by a direct sedative property of the analgesic agent. Sedation with¬ 
out sleep was observed in approximately 30 per cent, but on the other 
hand 19 per cent failed to demonstrate any sedative effect. This is in 
decided contrast with morphine, which invariably produces sedation in 
moderate or severe degrees, depending on the dosage employed. 

Side Effects 

Varying types of side reactions or undesirable sequelae were observed 
in several of our patients. These were of varying degrees and intensities, 
and the types and severities are enumerated in table 5. In seven cases of 
those studied, it was necessary to withdraw or alter the medication be¬ 
cause of the severity of the side reactions associated with Demerol ther¬ 
apy. Some patients experienced subjective vertigo on very small doses 
of the drug, namely, 25 mg. as a total dose, whereas others tolerated it 
very well without the least side reaction on doses as high as 300-400 mg. 
or more daily. Induration of the tissues at the site of injection seemed to 
be associated chiefly with the technique of administration. In other 
words,intramuscular injections were well tolerated but superficial subcu¬ 
taneous injections frequently invoked an induration reaction. Dryness of 
the mouth was to be anticipated because of the weak anticholinergic 
action which Demerol exerts. Euphoria is of special note because of the 
capacity of Demerol to produce physiological dependence upon it. In 
this respect, it is akin to morphine and alcohol, but in varying degrees. 
Further scanning of table 5 indicates the usual types of side reactions 
associated with many new drugs, but special note should be taken of 
that single instance in which vascular collapse with bronchial spasms 
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Table 5 

Side Eitlcis or Demerol 
(Experienced by 4-0 of 116 patients) 

Symptoms No. of instances* 

Subjective vertigo 10 (1) 

Induration of tissues at site of injection 10 

Dryness of mouth 
Euphoria 

Nausea and vomiting 
Paresthesias 
Nausea 
Sweating 

Muscular relaxation 
Palpitation and increased dyspnea 
Vascular collapse with bronchial spasm 
Insomnia and restlessness 
Transient dimness of vision, pain at site of injec¬ 
tion, drug eruption (?), delusions, urticaria—each 
Total 


10 

8 

5 

4 

3 

2 

3 

1 

1 

1 

1 


(3) 


(1) 

(1) 

0) 


6!4 (7) 

> Numbers in parenthesis indicate cases in which side effects necessitated stopping Demerol. 


was observed. This calls to mind the important pioneer studies of Gruber 
and his associates dealing with acute hypotension following administra¬ 
tion of Demerol intravenously in the dog. There have been other reports 
of this type appearing in the literature since this announcement, but it 
should be stressed that Demerol can be given safely and with a fair de¬ 
gree of impunity if it is injected slowly in adequate fluid volume. 

The frequency and varieties of side effects from Demerol have been 
thoroughly studied by Dr. Battcrman. 8 It is his conclusion that side re¬ 
actions are much more severe and frequent in the ambulatory than in 
the hospitalized patient. Furthermore, it seems to be the rule that med¬ 
ication of this type when administered orally is more of an offender than 
when it is administered parenterally. The same conclusion has been 
drawn by Dr. Battcrman from his experiences with methadone, as indi¬ 
cated in tablk 6. 

The matter of addiction to Demerol has received considerable atten¬ 
tion in both the foreign and American literature, and since this topic 
wall be very adequately discussed by several authorities participating in 
this conference we shall refer to it only very briefly at this time. We have 
observed physiological dependence to Demerol in our series of patients, 
but it is the author’s impression that Demerol, at the time our studies 
were made, was not necessarily primarily addicting since most physi¬ 
ological dependence, as observed in our patients, occurred chiefly in 
those subjects who had been addicted previously to morphine or other 
agents of this type. 14 Although addiction to Demerol can be produced, 
it is apt to occur not only less frequently and less intensively but can 
also be more readily corrected than addiction to morphine. 

The important actions and uses of Demerol as compared with those 
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Table 6 

Pi RU*.lAGE FrEQLENCY \VD VARIETIES Or SlDE ErUtlS 111 O’M MmiADONE* 


Kind of 

Hospitalized patients 

Ambulatory 

side effect 

A 

Parenteral 

Oral 

patients by 
oral route 


route 

route 



0 

0 

0 


0 

0 

0 

Dizziness 

11.1 

20.0 

70.0 

Nausea 

4.4 

15.1 

10.0 

Vomiting 

3.3 

4.6 

18.6 

Diaphoresis 

5.5 

9.2 

18.6 

Epigastric pain 


1.5 


Dryness of mouth 

1.1 

4.6 

3.3 

Anorexia 

2,2 

9.9 

10.0 

Pruritus 


1.5 

6.6 

Weakness 


19.3 

93.3 

Headache 

o,2 

3.9 

10.0 

Drowsiness 

5.5 

13.8 

33.3 

Grogginess 

3.3 

4.6 

6.6 

Miosis 

2.2 

4.6 


Urinary’ retention 


1.5 


Visual disturbances 


4.6 

6.6 

Mental confusion and toxic psychosis 
Numbness 

1.1 

9.2 

6.6 


* From Battebman & Oshlag.- 4 

of morphine can best be summarized in table 7, which it was our good 
fortune to receive from Dr. Goodman and Dr. Gilman as it is planned for 
their revised edition of The Pharmacological Basis of Therapeutics which 
we trust will soon he forthcoming. 

Some of these points are worth special attention. For example, respira¬ 
tion is never depressed by isonipecaine (Demerol) but is uniformly de¬ 
pressed by morphine, making the former the drug of choice by many 
obstetricians. Not only is the mother’s respiration maintained quite 
readily at status quo but there is seldom, if ever, any significant degree 
of respiratory embarrassment of the newborn which is quite the con¬ 
trary in terms of morphine. 

Smooth muscle of the GI tract is uniformly rendered spastic* with mor¬ 
phine, whereas it is either unaffected or relaxed by Demerol with the 
singular exception of the duodenum, as previously reported in reference 
to the work of Gaensler and liis associates. 

The comparative degrees of euphoria and tolerance probably account 
considerably for the differing likelihood of addiction to Demerol and 
morphine, the drug producing the greater degree of euphoria and toler¬ 
ance likewise being more likely to produce addiction, as is the case with 
morphine. 

The prominent symptom of overdosage associated with the action of 
these dnigs on the central nervous system is that of excitement resulting 
from Demerol and depression from morphine, effects in direct apposition. 

As a preanesthetic medicament, Demerol is being given wide usage, 
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Table 7 

A CoMl*\lUSOV oi IsONTPlCVlM * VIS D MoUPHtNE 


Source 

Discovery 

honipecaine Morphine 

Synthetic piperidine deriva- Natural alkaloid of opium 
tive 

1989, Eisleb & Sehaumann 1803, Sertiirner 

Locus of C.N.S. action 

Cortex and diencephalon 

All segments of cerebro- 



spinal axis 

Type of C.N.S. action 

Depression and excitation 

Depression and excitation 

Ratio of sedation: analgesia 

Ia>w 

High 

Analgesic potency 



(’weight basis) 

1 

10 

Respiration 

Rarely depressed 

Uniformly depressed 

Cough reflex 

Not depressed 

Depressed 

Pupils 

Usually unaltered 

Characteristic miosis 

Corneal reflex 

Markedly obtunded 

Rarely affected 

Smooth muscle 

Spasmolysis 

Spasm 

Secretions 

Inhibited moderately 

Inhibited slightly 

Cardiovascular effects 

Renign, occasionally syn- 

Benign 


cope 


Euphoria 

Inconstant, moderate 

Frequent, marked 

\ddiction liability 

Moderate, rarely serious 

Marked, frequently serious 

Tolerance 

Moderate, rare 

Marked common 

Untoward side effects 

Many, usually transient, 

Many persistent, trouble¬ 


not serious 

some 

Dosage 

o() to 200 mg. 

5 to 20 mg. 

Route of administration 

Oral, intramuscular 

All routes 

Duration of analgesia 

3 hours + 

4. hours + 

Overdosage 

Excitement 

Depression 

Uses: 



Relief of pain 

Satisfactory 

Satisfactory 

Antiperistaltic 

Not useful 

Useful 

Cough 

Not useful 

Useful 

vSedation and sleep 

Occasionally useful 

Often useful 

Antispasmodic 

Satisfactory 

Contraindicated 

Preanesthctic medication 

Satisfactory 

Satisfactory 

Labor 

Satisfactory 

Care! 


* Demerol. 


and the same statement can bo made for its selection in the field of ob¬ 
stetrics where it has become a very valuable drug primarily because of its 
lack of respiratory effects in efficient analgesic dosage. 

As stated earlier, limitations of time necessitated severely restricting 
material for this presentation. There are many other extremely valuable 
and interesting reports available which deal with still other pharmaco¬ 
logical features of Demerol, but we regret that we can only refer to some 
of these as they jxsrtain to studies dealing with electroencephalography, 15 
local anesthesia, 16 fate, 17 ~ 19 and general metabolic effects. 8 


Derivatives of Demerol 

Numerous attempts have been made to prepare various derivatives of 
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Demerol. MacDonald and his associates 20 have prepared an isomer of 
Demerol, known as iso-pethidine (figure 20), which was studied by vari- 

Discussion 



Morphine Pethidine series /so- pethidine series 

i ii m 

Figure 20. (From MacDon\ld et al 


ous techniques. Glazebrook and Branwood 21 used as their criterion the 
ability of iso-pethidine to depress pain afflicted by a sharp point under 
varying degrees of pressure as produced by inflation of a modified blood 
pressure unit (figt t re 21). Analgesia was calibrated in terms of the excess 



Figure 21. Device for measuring pain threshold. (From Glazebrook & Branwood. 51 

pressure required to inflict pain after the administration of iso-pethi¬ 
dine, pethidine, and coco-tabs (combination of aspirin, Phenacetin, and 
codeine). Figure 22 indicates that pethidine is still somewhat stronger 
as an analgesic than is its isomer, iso-pethidine. 

Other derivatives of Demerol have been prepared and are illustrated 
in figure 23. Some of these compounds are apparently more effective 
analgesics when appraised in various types of experimental animals, and 
present clinical trials indicate definite promise in terms of specific ad¬ 
vantages. Further clinical appraisal is necessary, however, before final 
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Figure 22. Average amount of alteration in pain threshold measured in mm. Hg in each group of 20 
cases. No coco-tab column is shown at the quarter-hour mark, because no difference in pain thresh¬ 
old was recorded at this time. (From Glazbbrook & Branwood.- 41 ) 



DEMEROL WIN 771 

(CXXANTIN. BONIPECAINE,KCPEAIDIMe) (BEMID0t€) 



WIN 1539 

(ketooemi done) 



METHADON 

CDL - AM I DONE, DOLOPHl ME, ADA NON, 
MIAOONE, PHYSEPTONE) 


LEVO METHADON 

(WIN 176® 



WIN 1783 

(PL- isomethadokD 


Figure 23. Structural formulae and synonymous names of 
some of the new synthetic analgesics. (From Tainter. 1,1 ) 


conclusions cun be drnwn concerning comparative desirability of these 
Demerol or pethidine derivatives as prepared in the Winthrop labora¬ 
tories. 

Another important and interesting series of piperidine derivatives 
(prepared by Lee and his associates 22 ) has been studied by Foster and 
Carman, 23 who draw the following important conclusions concerning the 
relation of pharmacodynamic activity to chemical manipulation: 

1. The 4-phenyl radical is essential, e.g., 
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PHARMACOLOGY OF METHADONE AND 
RELATED COMPOUNDS 


By K. K. CHEN 

The Lilly Research Laboratories, Indianapolis, Indiana 

I NTRODUCTION '. The development of methadone, in the United 
States, as an analgesic drug in rivalry with morphine is one of the med¬ 
ical advances resulting from World War II. It was the State Department 
that sent the Technical Industrial Intelligence Committee, composed of 
Kleiderer, Rice, Conquest, and Williams, to investigate the research ac¬ 
tivities of I. G. Farbenindustrie at Hoechst-am-Main. 1 Among the 25 
projects examined, the one on analgesics appears to be the most out¬ 
standing. It is an offshoot of Demerol research, but deals with a different 
class of compounds. One member of the series having the chemical for¬ 
mula of 6-dimethylamino-4,4-diphenyl-3-heptanone, shown below, is 5 
to 10 times as active as Demerol: 

C2H5 

CO 

C 6 H 5* ( j' C 6 H 5 

CH 2 

CH.NCCH 3 } 2 

Ah 3 

The Council on Pharmacy and Chemistry of the American Medical As¬ 
sociation has adopted the non-proprietary name of methadone. 2 Manu¬ 
facturers in the United States call it “Dolophine” (Methadon, Lilly) 
and “Adanon” (Winthrop). In England, it is known as miadone. The 
I. G. serial number for this compound was 10820, and the code-name for 
clinical testing in Germany, amidon. The latter was derived from pyram- 
idon by the omission of the first syllable. According to direct informa¬ 
tion from Germany, the term amidon would not have been used for mar¬ 
keting of this product. Unfortunately, in the United States, the word 
amidon 0 , with an “e” at the end, is becoming increasingly common in 
scientific literature. This name is not very desirable, because confusion 
may arise from “Famidon” the French word for starch. The alcohol cor¬ 
responding to methadone has been referred to as “amidol”; but the latter 
has already been used to designate a photographic developer, diamino- 
phenol. It would seem better if the name amidone could be dropped en¬ 
tirely. 

One of the questions winch come to anybody’s mind is, why the Ger¬ 
mans did not exploit the possibilities of methadone in military and civil¬ 
ian medicine during the War, especially in view of the morphine short- 

[ 83 ] 
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age. Through correspondence with a former I. G. employee, it was learned 
that both the German firm and the military authorities discredited the 
product because of its side effects. It was probable that the doses they 
employed were larger than necessary and thus resulted in untoward 
symptoms. 

Action on the Central Nervous System. Much more information is now 
available regarding the pharmacology, toxicity, clinical uses, and addic¬ 
tion liabilities of methadone, as a result of intensive investigations car¬ 
ried out in various laboratories in this country. Like morphine, it has a 
profound action on the central nervous system. 3 It raises pain threshold 
by the depression of the somesthetic area of the brain. In rats, a dose of 
1 mg. per kg. injected intraperitoneally is sufficient to nullify the pain 
from pinching of the tail, according to the Haffner technique. 4 Similarly, 
in dogs, the same dose injected subcutaneously elevates the thermal 
threshold to cause a skin-twitch of the back, measured by the Andrews 
modification 5 of the Hardy-Wolff-Goodell method. 6 In man, by the latter 
procedure, methadone in the dose of 2.5 mg. given by mouth raises the 
thermal pain threshold of the forehead. When compared with morphine 
sulfate, methadone, in form of hydrochloride, is twice as active analgesi- 
cally, weight for weight. 7 This is true in all three species of animals—rats, 
dogs, and man. The relief of pain by methadone in clinical cases has been 
amply proved. 8 - 14 

The new drug produces sedation 8 * 9 » 10 » 12 by the depression of the 
sensory areas of the brain cortex. This can be demonstrated in both 
cold-blooded 13 and warm-blooded animals. The amount required to bring 
about sedation is substantially greater than that for analgesia. In this 
respect, methadone is relatively less effective than morphine. As an illus¬ 
tration, methadone HC1 in a 2.5-7.5-mg. dose relieves pain without se¬ 
dation in human subj ects, w T hile morphine sulfate in a 15-mg. dose also 
relieves pain, but is accompanied bv lessened activity, mental sluggish¬ 
ness, and a desire to sleep. 

Methadone in rather large doses depresses respiration, presumably by 
direct action on the respiratory center. 3 This is manifested in anesthe¬ 
tized dogs by a decrease of respiratory rate, and, frequently, amplitude, 
as well as by a decrease in the volume of expired air. Fall of respiratory 
rate has been observed in man with doses of 10-30 mg. 16 * 17 

In anesthetized dogs, an intravenous injection of methadone is also 
followed by a decrease of heart rate. 3 * 7 The decrease mav be prevented 
by the section of vagi, or by intravenous injection of atropine. The ac¬ 
tion is, therefore, attributable to the stimulation of the vagal center. 
The same effect is exerted on the intestines. 8 * 18 * 19 Methadone, injected 
intravenously, stimulates peristaltic movements of intestines in situ of 
non-anesthetized dogs, winch is antagonized by atropine. Since meth¬ 
adone uniformly inhibits the isolated intestinal movements, its action 
here must be central in origin—namely, on the vagal center. 
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One of the side effects in human subjects from an overdose of metha¬ 
done is vomiting, preceded by nausea. 3 * 10 * 12 It appears more frequently 
in indh iduals who move around than in those who remain in bed. The 
emetic action of methadone is, most likely, due to the stimulation of the 
vomiting center, and not to local irritation of the gastric mucosa, since 
vomiting occurs after parenteral administration of the drug. It is inter¬ 
esting that such animals as pigeons, dogs, and monkeys, which are very 
sensitixe to emetic drugs, do not vomit following the administration of 
methadone, in any quantity. So far as is known to date, man is the only 
mammal susceptible to the emetic action of this new analgesic. 

Methadone, when injected subcutaneously into mice, causes contin¬ 
uous erection of the tail, in exactly the same manner as morphine. 8 
An example is shown in figure 1. This phenomenon for morphine has 



Figure 1 . Action of methadone and morphine on the mouse tail. The ani¬ 
mal on the left-hand side received methadone in the dose of 2 mg. per kg., 
and that on the right-hand side* morphine in the dose of 5 mg. per kg. 


been interpreted by Ileinekamp 20 as due to the stimulation of the spinal 
cord. It is conceivable that methadone may follow the same pattern of 
action. Leopard frogs, African clawed frogs, or turtles, after receiving a 
lethal or sublethal dose of methadone, undergo a period of narcosis, fol¬ 
lowed by hyperirritability. 15 During the latter stage, a gentle tapping re¬ 
sults in a quick twitch of all muscles. Pithing, but not destruction of the 
medulla, abolishes all muscular movements. Mild as it may be, the re- 
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action may be construed as evidence of stimulation of the spinal cord. 
On the other hand, Wilder and his colleagues 21 and Leimdorfer 22 ob¬ 
tained negligible evidence in favor of cord action in cats and dogs. 

The action of methadone is, therefore, mixed and complicated. It de¬ 
presses the sensory areas of the brain cortex in the form of analgesia and 
sedation; and it depresses the respiratory center of the medulla. On the 
other hand, it stimulates the vomiting center of the medulla in man; it 
stimulates the vagal center controlling the heart and intestines; and it 
has a questionable action on the spinal cord. 

Action on Smooth-Muscle Organs . The I. G. workers recorded 1 that 
methadone relaxed isolated guinea pig’s intestines and released their 
spasm induced by musculotropic substances such as histamine and bar¬ 
ium chloride, or by cholinergic substances such as carbamyl choline. 
Similar results of the same experiments with Demerol 28 * 24 made them 
look upon the entire class of compounds as antispasmodics. The analgesic 
property was an incidental finding. The inhibitory action of methadone 
on isolated intestines of rabbits and guinea pigs was also reported by 
American investigators. 8 * 25 * 26 

Gruber and his associates 27 had already shown that Demerol has a 
stimulating action on intestines in situ . The same happens to metha¬ 
done. It has been repeatedly pointed out that, in trained non-anesthetized 
dogs, the action of methadone on ileum or jejunum in situ is purely ex¬ 
citatory. 8 * 19 It appears, then, that in the intact animal methadone stimu¬ 
lates intestines by acting on the vagal center, as mentioned above; but 
if the central connection is severed, as in the case of isolated intestines, 
the drug is primarily inhibitory by direct action on smooth muscles. 

Regarding the isolated uterus, the action of methadone appears to de¬ 
pend on its initial activity. If it is in rhythmic movements, the drug 
causes relaxation; but if it is inactive at the start, the drug usually pro¬ 
duces contractions. 26 - 28 The isolated rat’s and hamster’s uteri are al¬ 
ways rhythmically active, and they respond to methadone by relaxation. 
The isolated rabbit’s uterus may be active or inactive, and its response is 
usually opposite to its own state of motility. In case of a spasm induced 
by mecholyl or ergonovine, methadone consistently shows a relaxing 
effect. The rabbit’s uterus in situ is frequently inhibited by methadone. 

The ureter is another smooth-muscle organ, the reaction of which is 
of more than academic interest, because the drug may be thought of in 
renal colic. In anesthetized dogs, Dr. Lee of our laboratory 29 observed 
relaxation of ureteral movements recorded by the Tratner method. 30 

The action of methadone on smooth-muscle organs is, therefore, also 
complicated. In the intact animal, it appears to stimulate intestines, but 
to inhibit the uterus and the ureter. When isolated from the body and 
immersed in Tyrode’s or Ringer’s solution, the intestines uniformly re¬ 
spond by relaxation, and the uterus moves in the opposite direction in 
accordance with its own activity. 



Chen: Pharmacology of Methadone 87 

Local Anesthesia, Hyperglycemia , Hypothermia, Absorption , and Elim¬ 
ination. Everett 31 first reported that methadone had a local anesthetic ac¬ 
tion on the rabbit’s cornea, the duration of which equaled that of cocaine. 
He emphasized its irritating properties and advised against its practical 
use. Unpublished data of our own laboratory showed that 0.1 cc. of a 
1 per cent solution of methadone injected intracutaneously into guinea 
pigs produced local anesthesia lasting for an average of 85 minutes. The 
same solution, when instilled in the rabbits’ eyes, resulted in corneal 
anesthesia for an average of 13 minutes, with marked chemical inflamma¬ 
tion. Barring its clinical application, the observation indicates that 
methadone temporarily paralyzes peripheral, sensory nerve fibers—an 
action not shared by morphine. 

Rise of blood sugar in dogs and rabbits following parenteral adminis¬ 
tration of methadone has been pointed out by Wikler, Haag, Phatak, and 
their respective associates. 21 * 32 “ 34 Our own studies on rabbits by in¬ 
travenous injection of the drug fully confirm their results, as exemplified 
in figure 2. 

Fall of rectal temperature in clogs lias been observed by Wikler and 



Figure 2. Hyperglycemia in rabbits caused by methadone and morphine. Both drugs were in¬ 
jected intravenously. The two animals were from the same stock, and of about the same weight. 
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Iris co-workers. 21 The mechanism of hypothermia as well as hypergly¬ 
cemia is, presumably, the same as that which occurs with morphine. 

Methadone is easily absorbed from almost any common route of ad¬ 
ministration. The question is—what does the body do with it? By the 
bromthvmol blue method, Scott and Chen 3 recovered 20-35 per cent of 
unchanged methadone in the urine. Cronheim and Ware, 35 using brom- 
cresol purple, found only a 6-13 per cent excretion of the administered 
drug. In any event, a considerable amount is metabolized in the body, 
the process of which is as yet unknown. The latter may be elucidated by 
the radioisotope technique, like those of many other substances. Work 
along this line is now in progress. 

Toxicity. There is an accumulation of toxicity data published from 
various laboratories. By a single injection into experimental animals, 
the lethal doses vary considerably from species to species. As shown in 
table 1 , methadone is more toxic than morphine, in the ratios of 7:1 up 


Tabtx l 


Comparison of 

Acute Toxicity between Methadone and 
by Subcutaneous Injection 

Morphine 

Animal 

Median lethal dose ± standard 

Ratio of 


error: 

mg. per kg. 

morphine 


Methadone JICl 

— * .. . . ,. N 

Morphine sulfate 

to methadone 

Leopard frog 

102 ±20 

903± 110 

1:9 

African clawed frog 

55.5± 5.3 

677± 68 

1:12 

Turtle 

31.3± 2.2 

353± 51 

1:8 

Guinea pig 

54.4± 3.6 

391± 95 

1:7 

Mouse 

33.7± 5.4 

311± 53 

1:9 

Rat 

12.4± 2.5 

239± 46 

1:18 


to 18:1 in different animals. It is particularly toxic to the rat. Woods, 
Wyngaarden, and Seevers 36 * 37 reported that the lethal dose of methadone 
by subcutaneous injection in the rhesus monkey lay between 10 and 20 
mg. per kg. 

Death in warm-blooded animals is due to respiratory failure. Although 
some vasoconstrictors are efficient stimulants of respiration during meth¬ 
adone depression, 18 it is uncertain that they will save lives from lethal 
doses. 

Toxicity studies bv prolonged administration of methadone in animals 
were carried out in Haag’s laboratory 32 * 33 and our own. 3 In short, the 
drug does not cause any somatic damage which can be detected grossly 
or microscopically. Tolerance to the analgesic and sedative action of 
methadone in dogs and man has been demonstrated by the scientists of 
the U. S. Public Health Service at Lexington, Kentucky. 12 * 38 * 39 Acute 
vascular tolerance to methadone in anesthetized dogs has been reported 
by Shideman and Johnson. 40 

The lethal dose in man is unknown. Isbell and his associates, 12 in their 
exhaustive investigations, employed a dosage level of 200 mg. 4 times 
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daily in one case, and 150 mg. 4 times daily in another. In most patients, 
the dose should he adjusted from 2.5-10 mg. Very rarely does it need to 
be increased by 15-20 mg. 

Similarities to and Differences from Morphine. It is interesting that 
such a simple compound, a keto-diphenyl-tertiarv amine, could exert ac¬ 
tions on organisms so similar to morphine, an alkaloid of the phenan- 
threne series. The similarities can be enumerated as follows—analgesia, 
respiratory depression, emesis in man, hyperglycemia, hypothermia, tol¬ 
erance, and addiction in dogs and man, 12 ' 38 as well as erection of the 
mouse tail. Scott and Chen 3 reported that methadone, like morphine, 
causes excitement in cats. In rabbits, both morphine and methadone de¬ 
crease the propulsive activity of intestines, as shown by Karr, 41 thus ac¬ 
counting for their constipating effect. 

There arc differences, however, between the two drugs. The depressor 
action of morphine is much greater than that of methadone. Figure 3 




Figure 3. Action of mothadonc and morphine on blood pressure. Records were made from 
two anesthetized dogs, one with each drug. Tracings from top to bottom are respiratory 
movements, carotid blood pressure, and base line. All injections were made Intravenously. 


shows that a dose of 1 mg. per kg. results in a much greater fall of blood 
pressure with morphine than with methadone in two separate anesthe¬ 
tized dogs. Other differences are listed in table 2. It has already been 
mentioned that methadone has a local anesthetic action. 31 Unpublished 
results of this laboratory indicate that methadone protects guinea pigs 
from histamine aerosol, and releases histamine spasm of their isolated 
intestines. These antihistaminic effects are weak as compared with 
benadryl, but they are, nevertheless, absent with morphine. It has been 
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T VBLE 2 


Differences between Mmf\Do\r and Morriiist 


Action 

Methadone 

Morphine 

Depressor action 

slight 

marked 

Local anesthesia 

+ 

— 

Antihistaminie 

+ 

— 

Convulsions in amphibians 

— 

+ 

Sedation in small clinical doses 

— 

+ 

Inhibition of hexokinase 

4- 

— 

Age effect on toxicity 

— 

+ 

Euphoria in non-addicts 

? 

+ 

Physical dependence 

slight 

intense 

Addiction in monkeys 

— 

+ 


pointed oat above that cold-blooded animals do not develop convulsions 
with lethal or sublethal doses of methadone, and that human subjects 
do not experience sedation with small therapeutic doses of the new 
drug—in contrast with morphine. Greig 42 demonstrated that methadone 
inhibits the glycolysis of glucose of rat brain tissues by interrupting the 
conversion of glucose to glucose-6-phosphate, catalyzed by the enzyme 
hexokinase. Morphine, in the same concentrations, has no effect. Meth¬ 
adone injected intravenously into rats shows practically no age differ¬ 
ence in toxicity, while morphine is especially toxic to weaning or aged 
animals. 43 Clinical reports 10 * 12 indicate that euphoria, which occurs in 
non-addicts following morphine, is rarely present, if at all, with metha¬ 
done. Although physical dependence develops with methadone, its with¬ 
drawal symptoms are so slight that it can be used for the treatment 
of morphine addiction, resulting in a smooth, milder abstinence pe¬ 
riod. 12 * 44 » 45 The rhesus monkey, like man, is easily susceptible to mor¬ 
phine, but it does not show tolerance or addiction to methadone, as 
proved by Woods, Wyngaarden, and Seevers. 36 * 37 

Optical Isomers . There is an asymmetrical C-atom in the molecule of 
methadone, and several papers on the difference in potency of the optical 
isomers have appeared. 46 * 51 Certain investigators believe that 7-metha¬ 
done* is quantitatively more potent than the d-form, while others claim 
that the d-isomer is entirely inactive. In our laboratory, it was found 
that, in rats,/-methadone is 7 times as active as the d-isomer. 52 The differ¬ 
ence becomes greater in larger animals, for the /-isomer is 25 times as 
active in dogs, and 50 times as active in man, as the d-form. 

The intravenous toxicity in mice presents peculiarities. 52 Numerically, 
there is no significant difference between the median lethal doses of d- 
and /-methadone, but the racemic mixture is definitely more toxic than 
either optical isomer. In those experiments, it was observed that /-meth¬ 
adone in lethal or sublethal doses produced protracted prostration; it 
caused delayed death. With the d-isomer, the animal promptly went 


* 2-Methadone merely indicates levo-rotatdon; it may not have Z-configuratlon until it has been stere- 
ochemically proved and confirmed. 
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into convulsions and either died or recovered quickly. It is, therefore, 
not improbable that a synergism of toxicity exists between the two opti¬ 
cal isomers. The racemic mixture is then capable of causing both slow 
and quick death. 

Another pair of optically active isomers was compared for their anal¬ 
gesic potency. They are 7- and d-ethyl-4-dimethylaniino-2,2-diphenyl 
valerate hydrochlorides: 


coo.c 2 h 5 

c 6 H 5-<p c 6 H 5 

ch 2 

H.i.NCCH 3 D 2 

CH 3 


They were prepared from the same intermediates as used for the optical 
isomers of methadone. The interesting feature is that, in rats, by subcu¬ 
taneous injection the d-isomer of the ethyl ester is 1/5 as active, and the 
7-form, 1/35 as active, as dZ-methndone. Thus, the d -isomer is 7 times as 
potent as its 7-antipode. There is practically no difference in their in 
travenous toxicity in mice, being 37.2±2.5 and 37.3±2.9 mg. per kg. for 
the d- and 7-isomers, respectively. 

A third pair of enantiomorphs, a-7- and a- d-3-acetoxv-4,4-diphenyl-6- 
dimethylaminoheptane hydroclilorides, was also investigated: 

C2H5 

H.C.OCO.CH3 

C 6 H 5 ( j'“ C 6 H 5 

CH 2 

H.C.NCCH 3 ) 2 

ch 3 

As shown in the structure, there are two asymmetrical C-atcms, and 
thus four possible optical isomers. Only one pair, designated as the a-pair, 
was available for our work. The 7-antimer was made from d-methadone, 
and the d-antimer from 7-mcthadone. In rats, by subcutaneous injection, 
the d-isomer is 5.4 times as active as the Z-form, and twice as active as 
dZ-methadone, analgesically. The Z-isonier has a delayed onset, but a long 
duration, of action as compared with the d-isomer. 

Derivatives of Methadone. The Germans prepared a good number of 
derivatives of methadone, several of which look interesting. 1 Workers in 
this country and in England have reported preliminary results of their 
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ture of the acetoxyl derivative (No. 27) is 30 per cent more active than 
methadone. The liigh potency of this compound has been previously re¬ 
ported by Sherrod, Kaiser, Santos-Martinez, and Pfeiffer. 55 The propi- 
onoxy analogue (No. 28) has the same activity as methadone in rats. The 
significance of the optical rotation of compounds No. 25 and No. 27 has 
been discussed above. 

If a methyl group is attached to the /3-C-atom, the resulting variants, 
listed in table 7, are of more than casual interest. The ketone (No. 31) 
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R 

Compound 

R 

Activity in rats: 

1 

No. 


% of methadone 

C 6 H5.C.C 6 H 5 

30 

COOH 

0 

31 

CO.C 2 H 6 

50 

chch 3 

32 

coo.c 2 h 5 

OOC.CH 3 

17 

33 

1 

— CH.C 2 H 5 

17 

N(CH 3 >2 


has been studied and reported on by different workers under the name of 
isomethadone. 47 " 66 ' 67 The results of our own tests indicate that it is 
about half as potent as methadone when injected subcutaneously in rats. 
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ANIMAL EXPERIMENTATION IN 
STUDYING ADDICTION TO THE NEWER 
SYNTHETIC ANALGESICS 
By M. H. SEEVERS 

Department of Pharmacology> University of Michigan, Ann Arbor , Michigan 

T HE term addiction, when applied to the syndrome resulting from 
the prolonged use of morphine and its congeners in man, by com¬ 
mon usage involves three principal components, psychic dependence , 
physical dependence , and acquired tolerance . In view of the fact that the 
newer synthetic analgesics produce pharmacological effects, many of 
which are qualitatively similar to those of morphine and its derivatives, 
it is assumed, for purposes of this discussion, that morphine should stand 
as the drug of comparison, and that information regarding these three 
not easily dissociable qualities which constitute addiction to morphine 
must be obtained for each new agent of this type before it may be safely 
used clinically. 

It is clear that clinical facilities for evaluating addiction liability are 
inadequate to keep pace with the rapid development of the newer syn¬ 
thetic analgesics. This being the case, and recognizing that the final 
evaluation of addiction liability of any compound proposed for clinical 
use must be determined in the human species, only that evidence which 
relates to the following question will be presented and discussed here: 
Does any infrahuman species exist which parallels normal man in its 
ability to develop “addiction” when chronically poisoned with mor¬ 
phine, its congeners, and the newer synthetic analgesics, and, if so, is 
this parallelism sufficiently striking that this species could be used as a 
reliable test object for the preliminary screening of new compounds? 
Since comparatively little work has been done in this field with the 
newer analgesic agents, a large share of the following discussion must 
center about morphine. 


Psychic Dependence 

At the outset, it should be clearly stated that the term “addiction,” 
when applied to the condition resulting from chronic administration of 
morphine to infrahuman animal species, must have a more limited and 
specific connotation than when such a term is applied to the human ad¬ 
dict. It is, perhaps, unfortunate that the term “psychic dependence” 
as it applies to morphine addiction in man has, in the broadest and most 
widely used sense, come to imply two differing but related factors: (a) 
The characteristic and inherent pre-addiction urge of certain individuals 
to seek “euphoria” as a manifestation of an existing neurosis or psycho¬ 
sis. (Pescor 1 found 96.2 per cent of 1,036 addicts at the Lexington Hos- 

[ 98 ] 
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pital to be either psychopathic or suffering from some neurosis prior to 
addiction.) (b) The psychosomatic conditioning established by pro¬ 
longed administration of the drug which involves anticipation not only 
of the thrill, but also the mental relief from impending or actual phy¬ 
sical symptoms of withdrawal. 

Whereas certain higher animal species become conditioned to accept¬ 
ing the drug without the usual resistance and may even learn to associ¬ 
ate the administration of the drug with the relief of the symptoms of 
abstinence, no counterpart of the manifestation of pleasure or “eu¬ 
phoria” obviously derived by addicts from repetitious use of these com¬ 
pounds has been observed in any animal species thus far studied. 

Spragg 2 has shown that the chimpanzee will make an objective choice 
of the syringe over food during withdrawal, and the author has observed 
behavior in the rhesus monkey which leads him to believe that this ani¬ 
mal can make a similar association. Although these observations in ani¬ 
mals are of considerable interest as they relate to item b above, it seems 
quite clear that it would be futile to attempt to transfer such observa¬ 
tions into the clinic or use them as a basis for deductions or predictions 
regarding a, i.e ., those qualities in the drug which would induce “eupho¬ 
ria,” satisfy the “craving” of the inebriate type of personality, or appeal 
to the confirmed addict already conditioned by his previous experiences 
with drugs of this type. 

Both meperidine and methadone have been administered to monkeys 
for fairly long periods of time without any evidence of desire on the part 
of the animals, even during withdrawal of these drugs. Such information 
should not, however, lead to the inference that addicts would not obtain 
a pleasurable sensation from the use of these drugs, a fact which has al¬ 
ready been clearly established for methadone in the clinic. For practical 
purposes , then, clinically applicable information from animals relating to 
addiction liability is limited to studies of tolerance and physical dependence. 


Physical Dependence 

Physical dependence to morphine can be established in numerous ani¬ 
mal species 3 including the mouse, rat, guinea pig, rabbit, cat, dog, mon¬ 
key, and chimpanzee. The nature of the signs observed is dependent 
upon the physical characteristics of the species, and the phylogenetic 
development of the central nervous system, generalized “hyperirrita¬ 
bility” being the only constant sign of abstinence in the lower species. 
In the smaller animals, wide individual variation in intensity of signs is 
noted, even after prolonged administration of large doses. Attempts 
have been made to use small animals for screening purposes. Barlow’s 
method of using an increase in pre-injection irritability in the rat has 
been reported upon favorably. 4 * 5 A wide variation in individual response 
was noted, a factor which in our hands greatly limits its value as a screen¬ 
ing method, although it has not been applied to a study of the newer 
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agents. Recently Phatak, Maloney, and David 6 suggested the use of the 
hyperglycemic response of the rabbit for estimating addiction potential¬ 
ities of analgesic compounds, and made observations on a group of 
methadone congeners. Unfortunately, the rabbit docs not show satisfac¬ 
tory or reproducible abstinence phenomena during morphine with¬ 
drawal, and man does not obtain a hyperglycemic response to metha¬ 
done. The author believes that any objective method, to be useful for 
comparative purposes, must involve signs which are demonstrable in 
man as well as in the animal under study. This statement would apply 
to changes in weight, temperature, blood sugar, variations in contractil¬ 
ity of smooth muscle, circulatory alterations, or any other objective 
signs. 

Whereas small animals may be used satisfactorily for studies of tol¬ 
erance development, and probably for certain studies regarding mecha¬ 
nism of addiction, the author believes that only the dog and the mon¬ 
key show signs of withdrawal which are sufficiently comparable to those 
observed in man to be reliable for screening and for the evaluation of 
new drugs. In view of the limited space available here, an attempt will be 
made only to compare these two species. 

The Dog. Many observations have been made on this species, par¬ 
ticularly with morphine. 3 The abstinence syndrome is, in general, similar 
to that noted in man in so far as signs can be compared in view of the 
anatomical dissimilarities of the two species. Unfortunately, wide in¬ 
dividual variation in response exists in different animals irrespective of 
dosage or duration of poisoning. Codeine 7 does not induce physical de¬ 
pendence, although signs of abstinence have been noted with dihydro- 
morphinone. 8 Although tolerance studies have been made with heroin, 
no data have been published concerning physical dependence in this 
species. 

Barlow 9 gave 8 dogs 75 mg./kg. of meperidine orally once daily for ten 
months; 4 dogs 15 mg./kg. intramuscularly every 8 hours for 28 days; 
and 7 dogs 4 mg./kg. intramuscularly every two hours day and night for 
5 days. Other than the acute effects of the drug noted following admin¬ 
istration, which included salivation, muscle tremors, spasticity, anorexia 
and weight loss, and an intense dislike for the drug which increased as 
the experiment progressed, no untoward signs were observed and no 
signs of abstinence were detected on withdrawal. 

Scott and his co-workers 10 * 11 did not note any signs of withdrawal in 
dogs administered methadone for several weeks. Wilder and Frank 12 gave 
1 to 2 mg./kg. of methadone 4 times daily to dogs, increasing the dose 
gradually to 5 mg./kg., and continued the experiment for 10 weeks. 
Abrupt withdrawal revealed a marked abstinence syndrome character¬ 
ized by restlessness, severe muscle tremors, fever, tachycardia, vomiting, 
hyperpnea, hydrophilia, and loss of weight, which appeared within 10 
hours, reached a maximum in 24 hours, and subsided almost completely 
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in 48 hours. Similar results were obtained in chronic spinal dogs and one 
chronic decorticated dog. 13 In summary, Wikler states, “Quantitatively, 
signs of abstinence from methadon were easier to produce (could be de¬ 
veloped in 1 month as compared with 2 or 3 months with morphine), 
came on more rapidly (apparent in 9 hours compared with 22 hours 
with morphine) and were more severe.” 

The Moiikey . The abstinence syndrome in the rhesus monkey is ob¬ 
jectively quite similar to that noted in man. 14 Whereas individual varia¬ 
tions exist in this species, and the observer must familiarize himself 
with the personality characteristics of each animal prior to addiction in 
order to make a satisfactory evaluation of abstinence phenomena (as is 
also the case with the dog), the picture is more uniform and more con¬ 
stantly reproducible than with the dog or any animal other than the 
chimpanzee. As in man, the monkey can exert wilful control over signs 
of abstinence. This may be related, in part, to fear of the attendant, 
whose entrance into the room produces changes in behavior which mask 
the signs of abstinence. When the animal is observed during abstinence 
through a sound-proof, “one-way vision” glass window, the true picture 
of abstinence is revealed. This technique, recently adopted in this labo¬ 
ratory, has greatly enhanced the reliability of our observations. 

Heroin and dihydromorphinone produce signs of abstinence compar¬ 
able to morphine, whereas codeine produces only minimal signs in this 
species. 15 

The only observations on meperidine known to the author to have 
been made in this species are those of Barlow. 9 He administered meperi¬ 
dine to 14 rhesus monkeys in dosage of 14 mg./kg. orally once daily for 
10 months; to 5 monkeys 15 mg./kg. intramuscularly every 8 hours for 
28 days; and to 7 monkeys 4 mg./kg. intramuscularly every 2 hours for 
5 days. Whereas those doses produced marked acute effects, no signs of 
abstinence were noted on withdrawal. 

Woods, Wyngaarden, and Seevers 16 administered methadone in an ini¬ 
tial dose of 5 mg./kg. once daily subcutaneously to monkeys. This dose 
was increased in 24 to 26 days to the maximum tolerated acute dose (11 
to 13 mg./kg.), and then continued at this level for 75 Lo 96 days. No 
signs of abstinence were detected on withdrawal, although controls on 
morphine demonstrated the characteristic picture of animal addiction 
to this drug. 

Cochin, Grulizit, Woods, and Seevers 17 repeated these experiments re¬ 
cently, but administered the drug 3 times daily in a dosage of 7 mg./kg. 
(total daily dose of 21 mg./kg.) for four and one-half months. This repre¬ 
sented the maximum tolerated dose at this interval of administration. 
Controls with morphine were given 50 mg./kg. thrice daily. Signs of ab¬ 
stinence from methadone, if they actually existed at all, were minimal. 
Slight pilomotor activity was noted at 36 hours. The animals were more 
active at 36 hours, but this appeared to be merely the release from metha- 
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agents. Recently Phatak, Maloney, and David 6 suggested the use of the 
hyperglycemic response of the rabbit for estimating addiction potential¬ 
ities of analgesic compounds, and made observations on a group of 
methadone congeners. Unfortunately, the rabbit does not show satisfac¬ 
tory or reproducible abstinence phenomena during morphine with¬ 
drawal, and man does not obtain a hyperglycemic response to metha¬ 
done. The author believes that any objective method, to be useful for 
comparative purposes, must involve signs which are demonstrable in 
man as well as in the animal under study. This statement would apply 
to changes in weight, temperature, blood sugar, variations in contractil¬ 
ity of smooth muscle, circulatory alterations, or any other objective 
signs. 

Whereas small animals may be used satisfactorily for studies of tol¬ 
erance development, and probably for certain studies regarding mecha¬ 
nism of addiction, the author believes tliat only the dog and the mon¬ 
key show signs of withdrawal which are sufficiently comparable to those 
observed in man to be reliable for screening and for the evaluation of 
new drugs. In view of the limited space available here, an attempt will be 
made only to compare these two species. 

The Dog . Many observations have been made on this species, par¬ 
ticularly with morphine. 8 The abstinence syndrome is, in general, similar 
to that noted in man in so far as signs can be compared in view of the 
anatomical dissimilarities of the two species. Unfortunately, wide in¬ 
dividual variation in response exists in different animals irrespective of 
dosage or duration of poisoning. Codeine 7 does not induce physical de¬ 
pendence, although signs of abstinence have been noted with dihydro- 
morphinone. 8 Although tolerance studies have been made with heroin, 
no data have been published concerning physical dependence in this 
species. 

Barlow 9 gave 8 dogs 75 mg./kg. of meperidine orally once daily for ten 
months; 4 dogs 15 mg./kg. intramuscularly every 8 hours for 28 days; 
and 7 dogs 4 mg./kg. intramuscularly every two hours day and night for 
5 days. Other than the acute effects of the drug noted following admin¬ 
istration, which included salivation, muscle tremors, spasticity, anorexia 
and weight loss, and an intense dislike for the drug which increased as 
the experiment progressed, no untoward signs were observed and no 
signs of abstinence were detected on withdrawal. 

Scott and his co-workers 10 ' 11 did not note any signs of withdrawal in 
dogs administered methadone for several weeks. Wikler and Frank 12 gave 
1 to 2 mg./kg. of methadone 4 times daily to dogs, increasing the dose 
gradually to 5 mg./kg., and continued the experiment for 10 weeks. 
Abrupt withdrawal revealed a marked abstinence syndrome character¬ 
ized by restlessness, severe muscle tremors, fever, tachycardia, vomiting, 
hyperpnea, hydrophilia, and loss of weight, which appeared within 10 
hours, reached a maximum in 24 hours, and subsided almost completely 
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in 48 hours. Similar results were obtained in chronic spinal dogs and one 
chronic decorticated dog. 13 In summary, Wilder states, “Quantitatively, 
signs of abstinence from methadon were easier to produce (could be de¬ 
veloped in 1 month as compared with 2 or 3 months with morphine), 
came on more rapidly (apparent in 9 hours compared with 22 hours 
with morphine) and were more severe.” 

The Monkey. The abstinence syndrome in the rhesus monkey is ob¬ 
jectively quite similar to that noted in man. 14 Whereas individual varia¬ 
tions exist in this species, and the observer must familiarize himself 
with the personality characteristics of each animal prior to addiction in 
order to make a satisfactory evaluation of abstinence phenomena (a£ is 
also the case with the dog), the picture is more uniform and more con¬ 
stantly reproducible than with the dog or any animal other than the 
chimpanzee. As in man, the monkey can exert wilful control over signs 
of abstinence. This may be related, in part, to fear of the attendant, 
whose entrance into the room produces changes in behavior which mask 
the signs of abstinence. When the animal is observed during abstinence 
through a sound-proof, “one-way vision” glass window, the true picture 
of abstinence is revealed. This technique, recently adopted in this labo¬ 
ratory, has greatly enhanced the reliability of our observations. 

Heroin and dihydromorphinone produce signs of abstinence compar¬ 
able to morpliine, whereas codeine produces only minimal signs in this 
species. 16 

The only observations on meperidine known to the author to have 
been made in this species are those of Barlow. 9 He administered meperi¬ 
dine to 14 rhesus monkeys in dosage of 14 rng./kg. orally once daily for 
10 months; to 5 monkeys 15 mg./kg. intramuscularly every 8 hours for 
28 days; and to 7 monkeys 4 mg./kg. intramuscularly every 2 hours for 
5 days. Whereas these doses produced marked acute effects, no signs of 
abstinence were noted on withdrawal. 

Woods, Wyngaardcn, and Seevers 16 administered methadone in an ini¬ 
tial dose of 5 mg./kg. once daily subcutaneously to monkeys. This dose 
was increased in 24 to 26 days to the maximum tolerated acute dose (11 
to 13 mg./kg.), and then continued at this level for 75 to 96 days. No 
signs of abstinence wore detected on 'withdrawal, although controls on 
morphine demonstrated the characteristic picture of animal addiction 
to this drug. 

Cochin, Gruhzit, Woods, and Seevers 17 repeated these experiments re¬ 
cently, but administered the drug 3 times daily in a dosage of 7 mg./kg. 
(total daily dose of 21 mg./kg.) for four and one-half months. This repre¬ 
sented the maximum tolerated dose at this interval of administration. 
Controls with morphine were given 50 mg./kg. thrice daily. Signs of ab¬ 
stinence from methadone, if they actually existed at all, were minimal. 
Slight pilomotor activity was noted at 36 hours. The animals were more 
active at 36 hours, but this appeared to be merely the release from metha- 
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done depression and a return to normal excitability rather than a state of 
hyperexcitability. Anorexia was not noted as was the case with morphine 
withdrawal, and no significant weight change occurred. In contrast, the 
controls on morphine showed the most marked signs of withdrawal ever 
noted by the author. This was probably related to the rate of adminis¬ 
tration, since virtually all previous experiments in the monkey have been 
made with single daily dosage. One animal, after a period in which he ex¬ 
hibited all the classical signs of withdrawal, lapsed into a state of pro¬ 
found exhaustion, refused food and water, became intensely dyspneic, 
and, after some struggling incident to the removal from the cage after 76 
hours for movie recording, became intensely cyanotic and died within 15 
minutes. This death was evidently of circulatory type, the heart being 
acutely dilated at autopsy. This animal was otherwise in good physical 
state, had not lost weight, and no other pathology was revealed at 
autopsy. 


Tolerance 

Whereas acquired tolerance is always demonstrable and a part of 
the picture of morphine addiction, its exact relationship to physical 
dependence and psychic dependence is not clearly defined. That the ac¬ 
quisition of tolerance is not necessary to the establishment of psychic 
dependence to a drug is clearly shown in the case of cocaine, since the 
latter may be clearly established without any evidence of tolerance devel¬ 
opment. Conversely, marked tolerance may be acquired to other com¬ 
pounds, such as the organic nitrites, without associated psychic or 
physical dependence. 

It is evident that various body mechanisms and tissues differ qualita¬ 
tively and quantitatively with respect to tolerance development. 

Blood vessels become rapidly tolerant to morphine, as was first shown 
by Schmidt and Livingstone. 18 Recently, Shideman and Johnson 19 have 
shown that some vascular tolerance can be developed to meperidine and 
methadone, and they have compared it with morphine in the dog. In a 
general way, this “acute tolerance 11 parallels the development of “chronic 
tolerance 11 to the sedative or narcotic action of these three drugs, both 
appearingrapidlv withmorphine, more slowly with methadone, and poorly 
and incompletely with meperidine. WTiether this method can be used for 
screening to predict tolerance development awaits more extended stud¬ 
ies with a greater number of new compounds. 

Contrary to the situation with respect to physical dependence, small 
animals may be used satisfactorily for estimation of tolerance to the 
analgesic and general sedative action of these drugs. 

Tolerance to the analgesic action of morphine and its derivatives is 
readily established in most species of animals. The author is not aware 
of carefully controlled studies on animals with meperidine regarding 
tolerance to its analgesic effects. Tolerance develops in former morphine 
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addicts, 20 but this is not a prominent feature of its clinical use in non¬ 
addicts. 21 Tolerance to the analgesic action of methadone has been de¬ 
veloped in the mouse, 22 the rat, 11 * 23 the dog, 12 and in man. 22 

Tolerance to the general depressant action is readily established for 
morphine and its derivatives in all species. 3 Some tolerance is developed 
to this property for meperidine in rats and dogs although it is not 
marked. 9 Tolerance to the sedative action of methadone is readily de¬ 
veloped in the rat, 10 in the dog, 12 slowly in the monkey 16 and man, 22 
especially to larger dosages. 

Acquired tolerance does not raise the lethal dose of morphine deriva¬ 
tives in any animal lower than the monkey, since death is due to con¬ 
vulsions rather than respiratory depression and tolerance is not de¬ 
veloped to this stimulant action. This is probably true also of meperi¬ 
dine and methadone, since these drugs also produce death of a convulsant 
type in smaller animals. Since some monkeys and all men die of primary 
respiratory depression from morphine, it is easy to establish tolerance 
to this respiratory depressant effect of morphine, heroin and Dilaudid 
(not codeine), and consequently to what would otherwise be a lethal 
dose. The monkey (and presumably man) always succumbs to respira¬ 
toryfailure with lethal doses of methadone. 16 Very little, if any, tolerance 
is developed to this respiratory depressant effect and a small increment 
in dosage above the maximum tolerated single dose, 12 to 15 mg./kg., will 
result in respiratory failure. We 17 have obtained some suggestive evi¬ 
dence, which will require further study and confirmation, that respira¬ 
tory tolerance to morphine confers crossed tolerance to methadone. By 
mistake, morphine-addicted animals were given 25 mg./kg. of metha¬ 
done, a dose which we believe to be certainly lethal. Whereas these mon¬ 
keys were treated after about thirty minutes with caffeine, it is believed 
that they would not have succumbed without such treatment. It is in¬ 
teresting, in this regard, that all of the evidence which indicates a low- 
grade respiratory tolerance to methadone in man has been obtained on 
addicts with a highly developed tolerance to morphine. 

The author believes that predictions regarding addiction liability can¬ 
not be made at this time on the basis of tolerance studies alone, although 
it seems clear that the degree of addiction liability with morphine, me¬ 
peridine, and methadone parallels roughly the degree of tolerance devel¬ 
opment, especially to the narcotic action of large doses of these drugs. 


Summary 

In considering the problem of predicting addiction liability in man 
from animal experiments, the conclusion is inevitable that the only re¬ 
liable criterion upon which to base a decision is the establishment or 
lack of establishment of physical dependence . Up to the present time, no 
evidence is available which will refute the view long held by the author 
that the monkey is the best animal species available practically for the 



104 Annals: New York Academy of Sciences 

reliable prediction of addiction liability in the “normal” human sub¬ 
ject. This statement is based upon the following facts which hold for the 
normal monkey and normal man. 

(a) The signs—and, judging from the actions of the monkeys, the 
symptoms—of abstinence from morphine, their time of appearance, 
their intensity, and duration, are for practical purposes identical in both 
species. 

(b) The intensity of abstinence phenomena with the morphine deriva¬ 
tives, heroin, Dilaudid, and codeine are quantitatively similar. 

(c) Signs of abstinence from meperidine are minimal. 

(d) Complete and adequate substitution is readily established from 
morphine to its derivatives and to methadone in both the monkey and 
human addict. 

(e) Tolerance development to these various drugs is qualitatively and 
quantitatively similar in both species. 

(f) Physical dependence to methadone, if present at all, is slight and 
slowly developed in individuals not previously addicted to morphine. 

It is hardly to be expected that studies of addiction liability in the 
“normal” monkey could be compared directly with studies made in 
human individuals who have been previously addicted to morphine. 
Such individuals not only represent a selected group who are psychiatri- 
cally inferior, but they have in addition been conditioned or “sensitized” 
to the whole experience of addiction, including their own selective in¬ 
terpretation of “euphoria.” 

The question is still pertinent, and as yet unanswered, whether pro¬ 
longed addiction to morphine leaves a permanent physical as well as a 
mental residue even after apparent “cure.” Thus, we do not know 
whether it is safe to make predictions, on the basis of addiction and sub¬ 
stitution studies in actual or in “cured” morphine addicts, regarding 
the addiction liability, or even the “euphoria”-inducing qualities of 
new and chemically different compounds, if such predictions are to apply 
to psychiatrically “normal” individuals. It is probable that no studies 
on animals will ever solve the problem of whether a chemical compound 
is potentially addicting for “constitutional addicts.” The published evi¬ 
dence seems to support the view that, excluding this group of individ¬ 
uals, normal human subjects, like normal monkeys (see table 1), de¬ 
velop very little psychic or physical dependence to those synthetic anal¬ 
gesics, particularly meperidine and methadone, the only compounds which 
have thus far been even partially evaluated. 

If such are the actual facts, it then seems evident that our problem 
in the evaluation of new compounds should be much broader than the 
mere search for a substance which will give perfect analgesia to the 
“normal” human subject without the development of the syndrome 
which we term addiction. We should emancipate our thinking from the 
concept that the capacity of a chemical substance to produce “euphoria” 
is inevitably an undesirable quality and make a positive and specific 
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Table 1 

Physical Dependence to Analgesic Drugs 


Drug 

Dog 

Monkey 

“ Normal ” 
human subjects 

Human addicts 

Morphine 

H—1—b(3) 

+ + + +(3) 

+ + + +(3) 

++ + +(3) 

Heroin 

f not \ 
(reported J 

+ + + +(15) 

+ + + +(3) 

+ + + +(3) 

Dihydro- 




morphinone 

+ +(8) 

+ + + +(15) 

+ + + +(3) 

+ + ++(3) 

Codeine 

none (7) 

+(15) * 

?(3) 

+(S) 

Meperidine 

none (9) 

none (9) * 

? (21) 

+(21) 

Methadone 

f ++++ ) 

■[ (10-24 hours) r 

l (12) J 

+? (16)* 

/ not \ 

(reported (22)j 

f ++ (fifth to 
(ninth day) (22) 


* With maximum tolerated doses. 

search for compounds which, devoid of the ability to induce physical 
dependence , will satisfy that large group of constitutionally inferior in¬ 
dividuals now classified as criminals because they yield to an inherent 
psychic drive not under their control. 
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• Discussion of the Paper 

Dr. Abraham Wikler (U. S. Public Health Service Hospital , Lexington , 

Kentucky): 

Although Dr. Seevers’s paper deals primarily with animal experimen¬ 
tation, I should like to comment first on his conclusions as they apply to 
man. Dr. Seevers states that conclusions derived from studies on “psy- 
chiatrically inferior” individuals previously addicted to morphine can¬ 
not be expected to apply to “normal” persons not previously addicted. 
In this I should like to concur, if we consider the addiction problem only 
in its relation to “normal” persons. However, the normal well-adjusted, 
mature person is not likely to become a habitual drug addict. In our 
society, with legal and social attitudes such as they are, drug addiction 
becomes a public health problem chiefly in relation to those individuals 
whose emotional need for morphine, or drugs like it, is so strong that it 
overbalances the personality defenses ( e.g ., “super-ego” structure) 
against addiction. Prominent in this group are the extremely infantile, 
narcissistic individuals who constitute the bulk of those post-addicts 
who volunteer for addiction studies. From a public health standpoint, 
it appears quite appropriate to study drug addiction in such individuals. 

In commenting on the animal work which Dr. Seevers has discussed, 
I should like to limit my comments to some of the neurophysiological 
aspects, with particular reference to morphine and methadone, since my 
interest in addiction problems has been largely in this area. First, the 
terms “psychic” and “physical” dependence have acquired various con¬ 
notations and should be defined more precisely. Thus, a distinction be¬ 
tween “psychic” and “physical” cannot be made on the basis of ob¬ 
jectivity or subjectivity of the symptom or sign. Tachycardia, vomiting, 
even fever, may be “psychic” in origin, while purposive behavior may be 
“physical” in origin, as has been demonstrated so strikingly by Richter’s 
work on self-regulatory behavior in animals. Defined with reference to 
genesis, the distinction between “psychic” and “physical” can be made 
on the basis that the former is related to factors with symbolic signifi¬ 
cance varying in complexity, whereas the latter is related to factors with 
little or no symbolic significance. Viewed in these terms, it becomes ap¬ 
parent that theoretically, at least, it is not possible to distinguish be¬ 
tween those aspects of addiction which are “psychic” in origin and those 
which are “physical” in intact man, or even in intact animals. Clinical 
experience has shown that the morphine abstinence picture is definitely 
related to the personality of the addict. Likewise, in our investigations, 
the effects of morphine on adaptive behavior in intact dogs have been 
shown to depend on the “personality” of the animal. Perhaps this ac¬ 
counts for the great variability in the abstinence picture from dog to 
dog, since this species exhibits a wide range of personality types. 

True “physical dependence” in the sense described can, however, be 
studied in animal preparations in which a portion of the central nervous 
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system is isolated from the remainder, as in chronic decorticated and 
chronic spinal dogs. In such preparations, the capacity for symboliza¬ 
tion is markedly impaired, and the reactions to various stimuli are stere¬ 
otyped and predictable with accuracy. Thus, in the decorticated ani¬ 
mals, circling activity, irritability, temperature, pulse, respirations, and 
tooth pain-reaction threshold can be measured accurately. In the chronic 
spinal preparations, the knee jerk, ipsilateral extensor thrust, ipsilateral 
flexor reflex, and crossed extensor reflex, as well as spontaneous activity 
of the hindlimbs can be recorded reliably. During addiction to morphine 
or methadone, tolerance is manifested to the action of these drugs on cer¬ 
tain of the reactions mentioned, and during withdrawal, striking hyper¬ 
activity and other changes occur with great regularity and predictability 
in both types of preparations. The preparation and preservation of the 
chronic decorticated animals is a difficult procedure. However, chronic 
spinal dogs can be prepared in a one-stage operation. They require close 
attention during the first postoperative month, but after 4 to 6 weeks 
these preparations survive for years with a minimum of care, chiefly 
directed to keeping the hindlimbs and perineal regions dry. The reflexes 
attain a stable level in this period of time, and can be recorded very 
simply with an “isotonic” apparatus utilizing “natural” stimuli eliciting 
a maximal response. With this technique, the changes which occur 
spontaneously over a period of as long as 6 months are negligible com¬ 
pared to the effects of drugs during addiction studies. 

Although the study of “physical” dependence can be facilitated by 
such techniques, the problem of species differences still remains. Whether 
or not the techniques described can be applied to monkeys will be de¬ 
termined by future investigations. That it would be of advantage to 
make such studies is apparent from Dr. Seevers’s excellent review of the 
problem. 



METHODS AND RESULTS OF STUDYING 
EXPERIMENTAL HUMAN ADDICTION 
TO THE NEWER SYNTHETIC ANALGESICS 

By HARRIS ISBELL 

Research Division , U . S. Public Health Service Hospital , Lexington , Kentucky 

I N assessing the addiction liability of new drugs, attention must be 
paid to all three of the qualities which Himmelsbach and Small 1 have 
described as characteristic of addiction to the opiate drugs. These quali¬ 
ties are: tolerance, physical dependence, and habituation (emotional or 
psychic dependence). Tolerance is defined as a diminishing effect on re¬ 
peated administration of the same dose of a drug. Physical dependence 
refers to an altered bodily state brought about by repeated administra¬ 
tion of a drug over a long period of time, which necessitates continued 
use of the drug in order to prevent the appearance of a characteristic 
illness termed an abstinence syndrome. Habituation refers to emotional 
and psychological dependence on the drug—the substitution of the use 
of the drug for other methods of adaptive behavior. Although all ob¬ 
servers are agreed that tolerance is less important than physical and 
emotional dependence, there is considerable disagreement concerning 
the relative importance of emotional and physical dependence. Pharma¬ 
cologists are likely to hold the opinion that physical dependence is the 
only distinguishing characteristic of an addicting drug. Psychiatrists are 
likely to believe that emotional dependence is all-important in addiction. 
A position midway between these two extremes is probably best. Phys¬ 
ical dependence and emotional dependence should be given equal weight 
in assessing addiction liability. 

The final tests of the addiction liability of any new drug must be car¬ 
ried out on human subjects because animal experiments yield no infor¬ 
mation about the habituation liability of any drug, and because various 
species differ markedly in their susceptibility to the development of phys¬ 
ical dependence on various drugs. 

The addiction liability of a new drug is usually considered from two 
points of view: ( 1 ) What is the danger of addiction under conditions of 
legitimate medical use? (2) What is the danger that persons with suscep¬ 
tible personalities will illegally abuse the drug and so become addicted? 
The second question is much more important, because addiction seldom 
results from the legitimate medical use of a drug—even from the medical 
use of morphine. Every year, large numbers of people in the United 
States receive morphine for short periods of time and very few become 
addicted. Less than 5 per cent of patients admitted to the U. S. Public 
Health Service Hospital at Lexington, Kentucky, became addicted be¬ 
cause drugs had been prescribed for them by physicians for the relief of 
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pain. The danger of addiction, under conditions of medical usage, is 
great only when physicians mistakenly believe that a drug is not addict¬ 
ing and are careless in its use. In the United States, addiction is chiefly 
a matter of abuse and is spread by persons already addicted. For this 
reason, tests of addiction liability at the U. S. Public Health Service 
Hospital are designed to simulate addiction under conditions of abuse. 
The assessment of addiction liability under conditions of medical use is 
usually carried out in other institutions. 

Subjects for Tests of Addiction Liability . The men used as subjects for 
addiction-liability tests are selected from a group of men who have vol¬ 
unteered to undergo the experiments. These patients are all morphine 
addicts and are serving Federal sentences for violation of the Harrison 
Narcotic Act. All the experiments are explained to the patients in de¬ 
tail before they are begun, and participation is purely voluntary. Care 
is taken to choose men with poor prognoses for permanent cure of their 
addiction. Such patients have usually served a number of sentences for 
violation of the narcotic laws and have relapsed to the use of morphine 
after each discharge. No man can be used in an experiment unless he 
has six months or more of his sentence to serve after termination of the 
experiment in order that there will be time for the patient to recover 
from withdrawal of the drug. Objections are sometimes raised to the use 
of such subjects in testing addiction liability, on the grounds that former 
morphine addicts develop both physical and emotional dependence on a 
drug much more readily than do non-addicts. The answer to tills objec¬ 
tion is, of course, a practical one. Morphine addicts are the only persons 
who can ethically be used for addiction-liability experiments. Moreover, 
since we are testing addiction liability under conditions of abuse, the 
use of such “addiction-prone” subjects is an advantage, not a disad¬ 
vantage. If experienced morphine addicts like the effects produced by a 
drug, that drug is dangerous, because the veteran addict is not only 
skilled in the methods of obtaining drugs illegally but also has few scru¬ 
ples about introducing non-addicts to the use of the drug. 

Methods of Testing Addiction Liability . The methods used in testing 
addiction liability of new drugs are essentially those developed by Him- 
melsbach and liis collaborators. 1-6 Four methods are available: admin¬ 
istration of single doses of the drug under test to former morphine ad¬ 
dicts for the detection of euphoria; the determination of the effect of 
single doses on the intensity of abstinence from morphine; substitution 
of the new drug for morphine in cases strongly addicted to morphine; 
and direct addiction. 

Detection of Euphoria. Since most persons begin the use of drugs and 
become addicted because the drugs produce effects which they regard as 
pleasurable, the detection of euphoria is a very important procedure in 
evaluating addiction liability. The method used is simple: Single doses 
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of the drug under test are administered to former morphine addicts, and 
the subjects are unobtrusively watched for a period of 6 hours or more 
by specially trained observers. For our purposes, euphoria is defined as 
a series of effects similar to those produced by morphine. These effects 
are: increased talkativeness, boasting, greater ease in the experimental 
situation, expression of satisfaction with the effects of the drug, requests 
for increased doses of the drug, increased motor activity, and, with 
larger doses, slurring of speech, motor ataxia, and evidence of marked 
sedation. As many experiments are done as are necessary to reach a 
clear-cut conclusion. The observations are controlled by administering 
30 mg. of morphine to the same subjects on other occasions. Initially, 
small subcutaneous doses of the drug under test are used, and if no un¬ 
toward toxic effects are observed, the dosage is increased progressively 
in subsequent experiments until evidence of euphoria, roughly equiva¬ 
lent to that produced by 30 mg. of morphine, is detected, or, if no evi¬ 
dence of euphoria is detected, the dosage is elevated until further in¬ 
creases would be regarded as dangerous. If euphoria is detected, blind 
experiments are arranged in which neither the subject nor the observer 
are aware whether the drug given was morphine or the compound under 
test. Finally, various doses of the drug are administered intravenously. 
If a psychologist is available, administration of the Rorschach test and 
other projective tests before and after the new drug will yield valuable 
information about the euphoric qualities of the drug. 

Relief of Abstinence from Morphine . Patients already strongly ad¬ 
dicted to morphine are used in these experiments. Following a short pre¬ 
liminary test period of withdrawal to establish the presence of physical 
dependence, the patients are stabilized on the least amount of morphine 
winch will prevent the appearance of signs of abstinence and are main¬ 
tained on this level for 7 to 10 days. The morphine is then abruptly 
withdrawn and, beginning at the 24th hour of abstinence, hourly obser¬ 
vations for the intensity of abstinence are made according to the hourly 
point score system of Himmelsbach 3 (table 1). In this system, arbitrary 
numerical values have been assigned to the various signs of abstinence 
and arbitrary limits set on certain signs—1 point for lacriraation; 3 
points for mydriasis; 1 point for each increase in the respiratory rate, 
with a limit of 10, etc. Men with strong physical dependence on mor¬ 
phine usually score 20 to SO points from the 24th to the 48th hours of 
abstinence. A dose of the drug under test is administered at the 28th to 
the 32nd hour, and the observations are continued. If there has been 
little effect, or no effect, after 4 hours, a second, larger dose maybe given. 
If the drug lowers the intensity of abstinence, the observations are con¬ 
tinued until the intensity of the withdrawal illness returns to the pre- 
dose level. If the drug does relieve abstinence, it is fairly likely that it 
will itself produce physical dependence. 

Substitutionfor Morphine . Patients already addicted to morphine may 
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Table 1 


Methods and Results of Studying Experimental 
Human Addiction to the Newer Synthetic Analgesics 


Point system for measuring abstinence syndrome intensity by the day(I)) or by the hour (H) 


Signs 


(Z)) by day (#) by hour 
/— — ~r /— —*-7 —> 
Points Limit Points Limit 


Yawning 1 

Lacrimation 1 

Rhinorrhea 1 

Perspiration 1 

Mydriasis 3 

Tremor 3 

Gooseflesh 3 

Anorexia (40 per cent decrease in caloric intake) 3 

Restlessness 5 

Emesis (each spell) 5 

Fever (for each 0.1° C. rise over mean addiction level) 1 

Hyperpnoea (for each resp./min. rise over mean addiction 
level) 1 

Rise in a.m. Systolic B.P. (for each 2 mm. Hg over mean 
addiction level) 1 


Weight loss (a.m.) (for each lb. from last day of addiction) 1 


1 1 

1 1 

1 1 

1 1 

3 3 

3 3 

3 3 

3 

5 5 

5 
1 

1 

15 1 


1 

1 

1 

1 

3 

3 

3 

5 

5 

10 

10 

10 


Total abstinence syndrome intensity per day or per hour is the sum of the points scored in the ( D ) 
or (H) columns respectively, with due attention to the limits. 


be used in these tests. Frequently, the same patients who serve as sub¬ 
jects for experiments on the effects of single doses on abstinence from 
morphine are also used as subjects for substitution studies. The pres¬ 
ence of physical dependence on morphine is always proved in subjects 
accepted for this type of study by subjecting them to a 24- to 86-hour 
test period of withdrawal. If the patients show moderate to marked signs 
of abstinence during this period, they are returned to morphine, and the 
least dosage of morphine which will just prevent the appearance of signs 
of abstinence (the stabilization dosage) is determined by alternately 
raising or lowering the amount of morphine given. Once the stabilization 
dose is determined, the patients are maintained on that amount of drug 
for at least 7 days. The drug under test is then abruptly substituted for 
the morphine. If possible, the patients are kept unaware of the change. 
The dosage, and the interval of administration of the drug under test, 
are selected on the basis of the pharmacological data on the toxicity, 
relative potency, and length of action of the drug. If no signs of absti¬ 
nence appear after the substitution has been effected, the dosage and in¬ 
terval of administration of the new drug are adjusted so as to determine 
the minimum amount of the drug which will prevent the appearance of 
signs of abstinence. Frequently, the drug under test will suppress signs 
of abstinence only partially, regardless of the dose used. Under such 
circumstances, mild signs of abstinence appear in the first few days of 
substitution, only to subside later. Occasionally, drugs are tested which 
will not support physical dependence at all. Such drugs have always, in 
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past experiments, been poor analgesics. After 7 to 14 days 1 substitution, 
the drug is abruptly and completely withdrawn. Observations for signs 
of abstinence are made every 2 hours in the first 48 hours of withdrawal, 
and 3 times daily thereafter. Patients are observed for 7 to 14 days after 
withdrawal, depending on the speed of onset and the rate of recovery 
from abstinence. The Himmelsbach 2 daily point scoring system is used in 
evaluating the intensity of abstinence after substitution and after with¬ 
drawal of the drug under test (table 1). This system is identical with the 
hourly point scoring system, except that depression of caloric intake is 
scored and the limits set on certain signs are different. If a drug supports 
physical dependence on morphine, and if signs of abstinence are detected 
following withdrawal after substitution for morphine, the drug is re¬ 
garded as having physical dependence liability. The Himmelsbach daily 
point score serves as an approximate measure of the physical dependence 
liability of the new drug as compared to morphine. 

Direct Addiction . Direct addiction is the best method of determining 
the addiction liability of a new drug. It yields information about the 
development of tolerance to various actions of the new drug. The de¬ 
velopment of habituation can be followed, and the physical dependence 
liability of the drug is determined directly instead of by inference, as in 
the method using the effects of single doses on abstinence, or the substi¬ 
tution technique. The great disadvantage of the direct addiction method 
is the inordinate amount of time and labor involved. The studies must 
be carried on for periods of 3 to 7 months and require the full-time serv¬ 
ices of 5 attendants and 2 to 3 technicians. 

Former morphine addicts who have been abstinent for 3 months or 
more are selected as study subjects from groups of volunteers. These 
men are studied intensively for 1 to 2 weeks before they are given any 
drugs. Physical and psychiatric examinations, various laboratory ex¬ 
aminations, psychological tests, electroencephalograms, electrocardio¬ 
grams, basal metabolic rates, observations of rectal temperature, pulse 
and respiratory rate, blood pressure, caloric intake, and hours of sleep 
are obtained in this period. The effects of single doses of the drug under 
test on the pain threshold, the electroencephalogram, etc., are also de¬ 
termined during this period. 

Once the control observations have been obtained, administration of 
the drug is begun. At first, the dosages used are equal to those which 
would be used in clinical practice. The intervals of administration are 
based on the pharmacological data on the length of actions of the drug. 
Most commonly, drugs are administered every 6 hours. If, after a few 
days, no untoward toxic effects appear, the dosage is raised. Thereafter, 
the dosage is raised just as often as the patient’s tolerance and the toxic 
effects of the drug will permit. Doses which pharmacologists regard as 
astronomical are usually reached. The elevation in dosage is eventually 
stopped, and the patients are maintained on the same dosage level for 2 
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weeks to 2 months prior to withdrawal so that they will be as completely 
tolerant as possible when the drug is withdrawn. 

The observations made during the control period are repeated at in¬ 
tervals during the addiction period. Daily notes are written on the gen¬ 
eral behavior of the patients. 

Detection of Tolerance. Tolerance to the sedative effects of the drug is 
easy to detect clinically. Checking the hours of sleep per day is a useful 
measure. A decrease in efficiency in performing psychological tests early 
in addiction, followed by a return to the control level later in addiction, 
also serves as a measure of tolerance. If the drug produces changes in the 
electroencephalogram, a return to the normal pattern is very good evi¬ 
dence of tolerance. The development of tolerance to the pain threshold- 
elevating action of the drug is followed by repeating the Hardy-Wolff 
measurements at intervals throughout addiction. Tolerance to the emetic 
effects is easily observed clinically, and tolerance to the depression of ap¬ 
petite is manifest by a return of the caloric intake to the normal level. 

Detection of Emotional Dependetice. Good evidence of habituation may 
be obtained by careful observation of the behavior of the patients. If 
they express satisfaction with the effects of the drug, stop nearly all 
productive activity, neglect their persons and their quarters, and spend 
a great deal of time in bed in a semi-somnolent state, the drug under 
test has considerable habituation liability. If changes in psychological 
tests similar to those which occur during morphine addiction are found, 
the clinical evidence is greatly reinforced. If the subjects like the effects 
of the drug they will request increases in the dosage level throughout 
addiction. They will even beg for more of the drug when definite evi¬ 
dence of toxic effects are present. If the subjects fail to get satisfaction 
from the drug, they will usually ask for increases in dosage early in addic¬ 
tion in the hope that more of the drug will produce the effects they de¬ 
sire. If, after several increases in dosage, they have not experienced suf¬ 
ficiently pleasurable effects, they will not ask for further increases but 
simply tolerate further elevations as part of a bad bargain. Under such 
circumstances, some of the subjects will ask for, or oven demand, termi¬ 
nation of the experiment. Important evidence of habituation liability 
of the drug may be obtained after the addiction experiment is completed. 
If the men continue to ask for the drug for weeks and months after it has 
been withdrawn, and if they persist in hatching schemes to obtain it, the 
drug undoubtedly has habituation liability. The value that addicts place 
on the drug, relative to the value they place on morphine, can be as¬ 
sessed roughly by arranging experiments in which they are offered a 
choice of either morphine or the new drug. If a number of patients re¬ 
peatedly choose 10 to 30 mg. of the new drug in preference to 30 mg. of 
morphine, the drug has high habituation liability. If they do not choose 
the new drug until 120 to 240 mg. are offered in exchange for 30 mg. of 
morphine, the drug has low habituation liability. 
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Detection of Physical Dependence . Physical dependence on the new 
drug is studied by completely and abruptly withdrawing the drug. Once 
the drug has been withdrawn, no narcotic drugs whatever are given until 
the observations are complete. During the withdrawal period, the study 
subjects are completely isolated from the remainder of the population of 
the institution, and special precautions are taken to prevent the intro¬ 
duction of contraband narcotics into the experimental ward. Observa¬ 
tions for signs of abstinence are made as described under “Substitution 
for Morphine.” If clear-cut evidence of physical dependence is not ob¬ 
tained after a short period of addiction—2 months or less—the experi¬ 
ments are repeated using an addiction period of 6 months or more. 

Results of Testing A dd iction Liability of Drugs in the Methadone Series . 
In sufficient dosage, racemic methadone was shown to produce intense 
euphoria in former morphine addicts which was manifested by increased 
talkativeness, boasting, requests for more of the drug, and, with large 
doses, marked sedation. 6 The effects of methadone on psychological tests 
were similar to those of morphine. The euphoria produced by methadone 
came on more slowly than the euphoria produced by morphine, but per¬ 
sisted much longer. Intravenous injections of methadone produced strik¬ 
ing euphoria, which experienced addicts described as similar to that 
following intravenous injections of heroin or Dilaudid. After intravenous 
injections of methadone, the addicts would writhe in joy, and say, “Oh, 
boy! that’s a good shot. What is the name of that dope, can you get it 
outside? Will it be put under the Law? If God made anything better 
than that, He kept it for Himself.” In blind experiments, experienced 
addicts could not distinguish the subjective effects of methadone from 
those of morphine, heroin, or Dilaudid. Some men who were experimen¬ 
tally addicted to methadone came to prefer it to morphine, and in subse¬ 
quent experiments would exchange morphine for methadone on a weight- 
for-weight basis. The optical isomers of methadone were quite different 
in their effects. Dextromethadone did not produce detectable euphoria 
even when 120-mg. doses were given. Fifteen mg. of levomethadone 7 
produced intense euphoria. Racemic isomethadone 7 (6-dimethylamino- 
5-methyl-4,4-diphenyl-3-hexanone) produced definite euphoria in doses 
of 30 to 60 mg. Methadol (6-dimethylamino-4,4-diphenyl-S-heptanol), 
the alcoholic analogue of methadone, did not produce euphoria. 

During experimental addiction to racemic methadone, tolerance de¬ 
veloped to the sedative, emetic, miotic, and pain threshold-elevating ac¬ 
tions 8 * 9 (figure 1). Similar evidence of tolerance was obtained during 
experimental addiction to racemic isomethadone. 7 

The behavior of men addicted to methadone was similar to the behav¬ 
ior seen during morphine addiction. 8 * 9 The patients ceased all productive 
activity, neglected their persons and their quarters, and spent most of 
their time in bed in a semi-somnolent state which they regarded as very 
pleasurable. Psychological changes during addiction to methadone were 
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Figure 1. Development of tolerance to the pain threshold-elevating action of methadone in Subject 
729. Curve 1: Solid circles, greatest response to a 5-mg. dose of methadone prior to addiction. Open cir¬ 
cles, smallest response to a 5-mg. dose. Crosses, average response to a 5-mg. dose. Open circles with dots, 
control after injection of distilled water. Curve 2: Response to a 5-mg. dose after 7 days of addiction. 
Curve 3: Response to a 15-mg. dose on the 8th day of addiction. Curve 4: Response to a 15-mg. dose 
after 14 days of addiction. Curve 5: Response to a 15-mg. dose after 21 days of addiction. Curve 6: Re¬ 
sponse to a 25-mg. dose after 28 days of addiction. Curve 7: Response to a 30-mg. dose after 36 days 
of addiction. Curve 8: Response to a 45-mg. dose after 42 days of addiction. Curve 9: Response to a 
45-mg. dose after 56 days of addiction. 

similar to those seen during morphine addiction. 8 * 9 During addiction to 
methadone, the patients continually requested increases in dosage. The 
behavior of men experimentally addicted to isomethadone was somewhat 
different. In the first week of addiction, the subjects were exhilarated 
and slept poorly. 7 As the dosage was elevated, this effect disappeared 
and the men showed evidences of mild sedation, which was never so 
marked as with morphine or methadone. Some of the subjects continued 
to work throughout addiction to isomethadone. At first, the patients re¬ 
quested increases in dosage and complained that the effects were not as 
pleasant as they had hoped. Later in the experiment, they did not ask 
for any further increases in dosage and simply seemed to tolerate the 
elevations in the amount of the drug as a necessary evil. Following re¬ 
covery after withdrawal, only 2 of the 10 subjects took isomethadone in 
preference to morphine, and then only when 240 mg. of isomethadone 
were offered in exchange for 30 mg. of morphine. 

Physical Dependence on Drugs of the Methadone Series . Racemic meth- 
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adone 7 ” 9 and levomethadone 7 produced a spectacular decrease in the in¬ 
tensity of abstinence when administered to men, 28 to 32 hours after 
withdrawal of morphine (figure 2). Racemic methadone was approxi- 
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Figure 2. Effects of drugs of methadone series on abstinence from morphine. Ordinates: Average 
intensity of abstinence expressed in hourly points/* Abscissae: Hours of abstinence. Arrows indicate 
injection of drugs. 10 subjects received levomethadone, racemic methadone, and isomethadone; 4 re¬ 
ceived 2 doses of dextromethadone; 6 received one dose of dextromethadone followed by one dose of 
isomethadone; 4 received one dose of morphine. Course of untreated abstinence taken from data of 
Himmelsbach. 4 


mately 4 times as potent in relieving abstinence as was morphine, and 
levomethadone was 8 times as effective as morphine. The effects of both 
racemic methadone and levometha done on the intensity of abstinence per¬ 
sisted much longer than did the effects of morphine. Racemic isometha¬ 
done (6-dimethylamino-5-methyl-4,4-diphenyl-3-hexanone) lowered the 
intensity of abstinence from morphine but was not as effective as mor¬ 
phine in this respect. Dextromethadone 7 and methadol 7 (6-dimethyl- 
amino-4,4-diphenyl-heptanol) had no effect on the morphine abstinence 
syndrome. 

Racemic methadone 8 * 9 (figure 3) and levomethadone 7 (figure 4) com¬ 
pletely prevented the appearance of signs of abstinence when substituted 
for morphine in cases addicted to large doses of that drug. Following 
abrupt withdrawal of racemic methadone 8 * 9 or levomethadone 7 after sub¬ 
stitution for morphine, an abstinence syndrome developed which was 
quite characteristic in its course and manifestations. No signs were noted 
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and the patients made no complaints until the 3rd or 4th day of absti¬ 
nence. Thereafter they complained of fatigue, weakness, anxiety, vague 



Figure 3. Substitution of methadone for morphine, average of 12 cases. A, preliminary withdrawal 
from morphine.#, restabilizataon on morphine. C, substitution of methadone. D r withdrawal of meth¬ 
adone. 

abdominal discomfort, and “hot and cold flashes. 11 Objectively, signs of 
disturbances in autonomic function were much less prominent than after 
the withdrawal of morphine. Body temperature, pulse and respiratory 
rates, and systolic blood pressure were increased. Caloric intake was 
consistently depressed. The average intensity of abstinence following 
withdrawal after substitution for morphine did not exceed 21 daily 
points (during a preliminary test period of abstinence from morphine, 
the same patients scored an average of 52 daily points from the 24th to 
the 36th hour of withdrawal). The onset of abstinence from methadone 
was slower than the onset of abstinence from morphine, and the course 
was somewhat prolonged as compared to the course of abstinence from 
morphine. 

Isomethadone 7 partially suppressed signs of abstinence when substi¬ 
tuted for morphine at a ratio of 1 mg. of isomethadone for each 1.33 mg. 
of the substitution dose of morphine. Minor signs of abstinence appeared 
on the 2nd day of substitution and persisted tlirough the 5th day of sub¬ 
stitution (figure 4). Following abrupt withdrawal of isomethadone after 
10 days 1 substitution for morphine, an abstinence syndrome was detected 
12 hours after the last dose of isomethadone was administered. Qualita¬ 
tively, abstinence from isomethadone was similar to abstinence from mor¬ 
phine. Many signs of disturbed autonomic function—yawning, lamina¬ 
tion, rhinorrhea, mydriasis, etc.—were noted. The patients were restless, 
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Figure 4. Substitution of levomethadone and isomethadone for morphine. Intensity of abstinence is 
expressed in daily points. 2 A , period of stabilization on morphine. J3, period of substitution of iso¬ 
methadone for morphine. C, period of abstinence. 

had poor appetites, vomited, and showed slight elevations in rectal 
temperature, pulse rate, respiratory rate, and systolic blood pressure. 
Quantitatively, the intensity of abstinence was about equal to abstinence 
from codeine or meperidine. The Himmelsbach daily point score rose to 33 
points on the 2nd day of abstinence. Abstinence from isomethadone was 
more intense than abstinence from methadone, but less intense than ab¬ 
stinence from morphine. 

Following abrupt withdrawal of racemic methadone 8 * 9 from patients 
who had had their dosage elevated to 180 to 400 mg. of drug daily over 
the course of 2 to 6 months'* experimental addiction, an abstinence syn¬ 
drome developed which was qualitatively identical with that which en¬ 
sued after withdrawal of methadone following substitution for morphine 
(vide supra). The intensity of the abstinence was more severe in the pa¬ 
tients who were directly addicted to the drug for 6 months than in pa¬ 
tients who had the drug substituted for morphine. 8 * 9 The average in¬ 
tensity of abstinence rose to 33 points on the 9th day of abstinence and 
was still above 20 points on the 14th day after withdrawal (figure 5). 
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Figures 5. Intensity of abstinence after administration of methadone for four and one-half to six 
months. Line broken by solid circles: days after withdrawal of methadone, average of 5 cases. Line 
broken by squares: days after withdrawal of morphine, average of 65 cases. 

After abrupt withdrawal of isomethadone from 10 patients who re¬ 
ceived doses of isomethadone increasing to 240 to 360 mg. daily during 
6 to 8 weeks'* experimental addiction, an abstinence syndrome appeared 
within 12 to 18 hours, which was similar to the abstinence syndrome fol¬ 
lowing withdrawal of isomethadone after substitution for morphine (fig¬ 
ure 6). Qualitatively, the isomethadone abstinence syndrome was quite 
similar to the morphine abstinence syndrome. Quantitatively, the in¬ 
tensity of abstinence from isomethadone was about equal to that of ab¬ 
stinence from codeine. 

The results show that racemic methadone and levomethadone have all 
the characteristics of addicting drugs. In sufficient dose, they produce 
intense euphoria in former morphine addicts. The habituation liability 
of these drugs is at least equal to, and perhaps greater than, that of mor¬ 
phine. Definite evidence of physical dependence was observed following 
withdrawal of the drugs after substitution for morphine, or after 2 to 6 
months’* addiction to racemic methadone. Although the physical depend¬ 
ence liability of methadone is less than that of morphine, the emotional 
dependence liability of the drug is so great that methadone should be 
regarded as being almost as dangerous as is morphine. 

Isometliadone is also an addicting drug. Tolerance develops to many 
of its actions. It produces definite euphoria in former morphine addicts. 
Both the habituation and physical dependence liability of isomethadone 
are less than those of morphine. The total addiction liability of isometh¬ 
adone seems to be roughly equivalent to that of codeine. 

Discussion . The choice of methods to be used in testing a particular 
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Figure 6. Intensity of abstinence following withdrawal of isomethadone after experimental addic¬ 
tion for 42 to 59 days, averages of 10 cases. Upper curve: onset of abstinence from isomethadone as 
compared to onset from morphine. Intensity expressed in hourly points. - * Lower curve: course of ab¬ 
stinence from isomethadone compared to abstinence from morphine. Intensity of abstinence expressed 
in daily points.- Solid line shows intensity of abstinence from isomethadone. Dotted line shows in¬ 
tensity of abstinence from morphine based on 65 cases of Kolb & Himmelsbach. 2 

drug depends on the amount of the drug available, and on whether or 
not it is a member of a series with known addiction liability. If only a 
small amount of the drug is available, the single dose and/or the substi¬ 
tution methods must be used. If the drug is a member of a known ad¬ 
dicting series, the single dose methods usually yield sufficient informa¬ 
tion. If the drug relieves physical dependence and produces euphoria, it 
has addiction liability. If the drug does not relieve physical dependence, 
substitution studies and direct addiction experiments must be carried 
out. 

When the drug to be tested is a member of a completely new series of 
analgesic drugs, all the methods must be used. A drug should never be 
regarded as non-addicting unless patients have received large doses of 
the compounds for at least 6 months. 

The final test of the addiction liability of a new drug comes when the 
drug is released for sale and is widely used in clinical practice. Meper¬ 
idine, 5 which Himmelsbach judged to have addiction liability on the 
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basis of the results of tests identical with those described above, lias 
been available for 5 years. During that period, it has been widely abused 
by morphine addicts, and, since 1946, about 20 meperidine addicts who 
were never addicted to morphine have been admitted to the U. S. Public 
Health Service Hospital at Lexington, Kentucky. Most of the primary 
meperidine addicts which have been studied at Lexington were origi¬ 
nally given meperidine for the relief of pain or asthma. This suggests 
that, even though our experiments are designed to simulate conditions of 
abuse, they are not without value in predicting addiction liability under 
conditions of legitimate medical use. Methadone has been available for 
only a year, but already morphine addicts are abusing the drug. Several 
patients who were using both morphine and methadone have entered the 
Lexington hospital in recent months. These cases support the validity 
of the methods of testing addiction liability described above. 

Summary 

1 . In assessing the addiction liability of a new analgesic drug, attention 

should be given to all three of the characteristics of addiction to 
the opiate drugs—tolerance, physical dependence, and habitua¬ 
tion (emotional or psychic dependence). Physical dependence and 
emotional dependence arc equally important. The final tests of ad¬ 
diction liability must be carried out on human subjects. Addiction- 
liability tests which simulate conditions of abuse are more impor¬ 
tant than tests of addiction liability under conditions of medical 
use. 

2. Four methods of testing addiction liability are described: administra¬ 

tion of single doses for the detection of euphoria; the effect of single 
doses on abstinence from morphine; substitution of the new drug 
for morphine in cases strongly addicted to morphine; and direct 
addiction to the new drug. 

3. Racemic methadone, levomethadone, and racemic isomethadone are ad 

dieting drugs. The total addiction liability of racemic methadone 
(or levomethadone) is nearly equal to the addiction liability of mor¬ 
phine. The addiction liability of racemic isomethadone is about 
equal to that of codeine. 


References 

1. IIimmclsb vch, C. K., Sc L. b\ Small. 1937. Clinical studies of drug addiction. II. 

“Rossium” treatment of drug addiction with a report on the chemistry of “rossium.” 
Pub. Health Rep., Suppl. 125: 1-18. 

2. Kolb, L., & C. K. Himmelsbacit. 1938. Clinical studies of drug addiction. III. A 

critical review of the withdrawal treatments with method for evaluating abstinence 
symptoms. Am. J. Psychiat. 94: 759. 

3. Himmelsbach, C. K. 1939. Studies of certain addiction characteristics of (a) dihy¬ 

dromorphine (“paramorphan”), (6) dihydrodesoxymorphine-D (“desomorphine”), 
(c) dihydrodesoxycodeine-D ("desocodeine”), and methyldihydromorphinone (“me- 
topon”). J. Pharm. & Exp. Therap. 67: 239-249. 



122 Annals: New York Academy of Sciences 

4. Himmelsbach, C. K., & H. L. Andrews. 1943. Studies on modification of the mor¬ 

phine abstinence syndrome by drugs. J. Pharm. & Exp. Therap. 77:17-23. 

5. Himmelsbach, C. K. 1942. Studies on the addiction liability of “demerol” (D-140). 

J. Pharm. & Exp. Therap. 75: 64r-68. 

6. Isbell, H., A. J. Eisenman, A. Wikler, & K. Frank. 1948. The effects of single 

doses of 6-dimethylamino-4-4-diphenyl-3-heptanone (amidone, methadon, or 
10820’) on human subjects. J. Pharm. & Exp. Therap. 92: 83-89. 

7. Isbell, H., & A. J. Eisenman. 1948. The addiction liability of some drugs of the 

methadon series. (In press.) 

8. Isbell, H., A. Wikler, N. B. Eddy, J. L. Wilson, & C. F. Moran. 1947. Toler¬ 

ance and addiction liability of 6~dimethylamino-4-4-diphenyI-heptanone-S (metha¬ 
don). J. A. M. A. 135: 888-894. 

9. Isbell, H., A. Wikler, A. J. Eisenman, M. Daingerfield, & K. Frank. 1948. The 

addiction liability of 6-dimethylamino-4-4-diphenyl-3-heptanone (methadon, ami- 
done, or ‘10820’) in man. (In press.) 



THE IMPORTANCE OF ADDICTION 
TO THE NEWER SYNTHETIC ANALGESICS 
IN HUMAN THERAPY 

By ROBERT C. BATTERMAN 
Department of Therapeutics , 

yew York University College of Medicine* New York, IV. Y. 

W ITH the introduction of new synthetic analgesic agents, consider¬ 
able attention has been focused on the possibility of the occur¬ 
rence of addiction with their use. Although it appears that some of these 
drugs possess addictive properties, insufficient data have accumulated, 
when used in bona fide medicine, attesting to the relative addiction lia¬ 
bility of these compounds as compared to known opiates. Any consider¬ 
ation of the addiction liability of the new analgesics must, therefore, in¬ 
clude a discussion of the problem of addiction in general. 

If by the term “addiction” is meant the abuse of a drug by reason of 
excessive use and continued administration, then it is a well-known clin¬ 
ical fact that every medication, regardless of its therapeutic merit or 
potency, may in susceptible individuals be classified as an addictive 
drug. Obviously, there are many objections to this definition. Emphasis 
is placed upon “susceptible individuals” rather than upon any particu¬ 
lar drug. Abuse of any medication, to satisfy a psychic need, should be 
primarily labeled as habituation. In contrast to this, if a drug produces 
upon chronic administration an alteration of the physiological functions 
of the body so that its withdrawal results in typical objective physical 
abstinence phenomena, then such a state is classified as addiction. The 
definitions distinguishing habituation and addiction are also inadequate, 
for once again emphasis is placed on only one facet of the problem, in 
this case the pharmacological effects of the drug. It is apparent that 
drug addiction is a problem of the individual as well as of the drug. It 
may be advantageous, in view of the confusion and controversies result¬ 
ing from adherence to any definition of addiction, to obtain a new term 
which would more adequately express the dual concept of the problem. 
It may be possible, in this manner, to avoid the widespread misuse by 
both the medical profession and the lay public of the term “addiction,” 
or the labeling of an individual as an “addict” in the absence of clear- 
cut evidence. It is of interest to note that the words “addiction” or “ad¬ 
dict” were rarely employed prior to 1910 and that these terms were not 
used in the narcotic laws enacted by Congress until 1929, at which time 
the narcotic farms for the confinement and treatment of persons ad¬ 
dicted to “habit-forming narcotic drugs” were established. There is ab¬ 
solutely no question that legal restriction of these drugs is essential, but 
it is unfortunate that a new connotation that “an addict is a criminal” 
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has been implanted upon habitual users of these drugs. Although many 
criminals, because of personality disorders, resort to narcotic drugs, it 
definitely beclouds the issue to consider all individuals who abuse drugs 
as criminals. 

In the bona fide use of these drugs in medicine, the physician is often 
in fear of the legal aspects involved in prescribing narcotics. As Kolb 
and DuMez 1 point out, “the numerous reports and forms which phy¬ 
sicians are required to make out in order to prescribe narcotics in any 
form tends to keep them alert to the dangers of these drugs.” There is 
no doubt that the legal safeguards set up have played a considerable 
role in decreasing the number of medically addicted patients. However, 
from the viewpoint of the patient who actually requires these medica¬ 
tions, it makes one wonder if treatment may have been inadequate be¬ 
cause the physician’s concern is first with legal forms and second with 
the needs of the patient. I do not wish to imply that the physician should 
overlook the dangers of addiction to narcotic drugs, but in the use of 
these drugs in medicine the likelihood of addiction resembling the type 
exemplified by the psychopathic individual is small. It is true that pro¬ 
miscuous administration of these drugs by some physicians has resulted 
in patients continuing their use as addicts. However, this group in com¬ 
parison to the overall census of addicts is also small. Suffice it to state 
now that most physicians are, unfortunately, confused in regard to the 
addictive liability of these drugs and do not distinguish between the 
underlying psychogenic component of the patient and the pharmacolog 
ical effects of the drug. 

Habituation is possible with every known drug, including milk sugar 
and sodium chloride as well as those drugs exerting a potent action upon 
the higher brain centers. In my experience, it is not an unusual occur¬ 
rence for patients to require a placebo repeatedly during the day, or 
whenever the need arises to sustain or achieve a state of well-being. Ces¬ 
sation of such therapy, particularly if the original reason for the medi 
cation continues, results in excitement, restlessness, nervousness, and 
incessant demands for the renewal of the medication. With the excep¬ 
tion of typical abstinence phenomena, these patients, from the subjec¬ 
tive point of view and psychic reactions, are indistinguishable from in¬ 
dividuals with true addiction. Unfortunately, a patient with psychic 
addiction very often becomes a problem in management. The situation 
is particularly disturbing if the patient, because of a disease such as 
bronchial asthma or angina pectoris which possesses marked psychoso¬ 
matic components, feels that any moment will be his last. Many of these 
patients are classified as addicts mainly because they are very insistent 
about obtaining medication. Unless physical dependence to the drug 
c$n be demonstrated, the physician is guilty of a serious injustice to the 
patient if he makes such a classification. 

It is generally agreed that the fundamental aspect of addiction re¬ 
volves about the underlying psychic deficiency of the individual. Thus, 
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Fenichel 2 states that “the origin and nature of the addiction are not de¬ 
termined by the chemical effect of the drug but by the psychological 
structure of the patient. 11 Kolb's 3 classification of drug addicts is veri¬ 
fication of this fact. 

An individual possessing a pre-morbid personality will grasp uncon¬ 
sciously at any means to satisfy the psychic void and thus obtain a sense 
of security or maintenance of self-esteem. The use of a potent drug is 
only incidental in the overall picture of addiction. It enters into the pic¬ 
ture only when opportunity presents itself for use. In light of this, it is 
immaterial whether an individual resorts to alcohol, cocaine, morphine, 
or any other drug so long as this psychic void is filled. It is of interest to 
note that some patients resort to excessive intake of food to satisfy their 
psychic needs while, in other cases, the mere insertion of a needle in 
the so-called “needle addicts 11 is sufficient. However, the problem goes 
farther than this because certain drugs have the ability to alter the phys¬ 
iological functions of the body, which results in physical dependence. 
In the pathogenesis of addiction, an individual usually goes through a 
phase of habituation. As the drug is continued, the individual begins to 
experience increasingly severe symptoms when the drug is not taken. It 
is almost immediately learned that repetition of the drug prevents or 
abolishes these unpleasant symptoms. A vicious cycle is thus established 
with the individual unable to discontinue the drug at will. It is this phase 
of drug addiction which makes the drug addict a problem to himself as 
well as to the community. 

The addiction liability of the new analgesic agents must, therefore, be 
considered in two phases: first, the liability of the individual to use these 
new preparations and, second, the liability of the drug to produce phys 
ical dependence. 

In 1943, Himmelsbach and I 4 indicated that, in terms of likelihood of 
developing an addiction to a new analgesic drug, there exist four types of 
individuals or conditions which must be considered independently. At 
that time, we worked with Demerol, knowing that this drug can produce 
physical dependence. The same four categories can be utilized for all 
new analgesic drugs. 

First, we have the use of these drugs by former opiate addicts. It has 
been definitely established thatl)emerol, methadone, and several deriva¬ 
tives of the latter can result in physical dependence when administered 
to former morphine addicts. Unrestricted use of Demerol and methadone, 
the two currently available synthetic drugs, in this group of individuals 
leads to abuse and invariably to an addiction indistinguishable, for the 
most part, from that noted with the opiates used previously. Correctly 
interpreted, this type of addiction should be classified as secondary or 
substitution addiction. It is important to take this into consideration 
because addicts develop physical dependence to these drugs with an ease 
not noted in patients receiving the same drugs in the bona fide use in 
medicine. There is a possibility that previous opiate use has altered the 
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physiological background so that the individual becomes more suscepti¬ 
ble to the physical dependence effects of these drugs. An analogy of this 
phenomenon may be found in the studies with desomorphine upon mon¬ 
keys by Eddy and Himmelsbach. 5 “The abrupt withdrawal of dihydro- 
desoxymorphine-D, the administration of which was superimposed upon 
a previous morphine addiction, resulted in the appearance of abstinence 
manifestations not significantly distinguishable from those appearing 
after abrupt withdrawal of morphine alone, and in marked contrast to the 
very slight modifications of behavior which occurred upon abrupt with¬ 
drawal of dihydrodesoxymorphine-D when it was the only drug used.” 

Whether an opiate addict will resort to these newer analgesic agents 
for control of his withdrawal symptoms depends upon several factors. 
These include the degree of “lift” obtained by the drug, or the ability 
of the medication to restore emotional normalcy; the ability of the drug 
to control the signs and symptoms of abstinence in terms of dose, tol¬ 
erance, and duration of effect; and the availability of the medication 
through illicit channels. With rare exception, the confirmed morphine 
addict is not satisfied by the mild euphoric action of Demerol. Add to 
this the large dose usually required for control of withdrawal symptoms, 
the rapid development of tolerance, the progressively decreasing interval 
between “shots,” and the difficulty of obtaining Demerol as compared to 
opiates, it then becomes evident why Demerol is not the drug of choice 
by this group of individuals. Some addicts will occasionally use Demerol 
when unable to obtain morphine. However, the use of Demerol to the ex¬ 
clusion of morphine, or one of the other opiate drugs, by an individual 
previously addicted to them is very unusual. According to the data gra¬ 
ciously supplied to me by Drs. Vogel and Chapman 6 of the United States 
Public Health Service Hospital at Lexington, Kentucky, such individ¬ 
uals constitute about one-half of one per cent of the total number of ad¬ 
dicts admitted to that institution during the past year. 

It is too soon to evaluate methadone in this regard. However, it is well 
known that methadone and several of its derivatives are satisfactory 
agents for controlling the withdrawal symptoms of morphine when given 
to previous morphine addicts. Several patients, other than those experi¬ 
mentally studied, have already been treated for methadone addiction at 
the Lexington, Kentucky, hospital, and I recently had the opportunity 
of observing a similar patient who substituted Demerol and then metha¬ 
done for his addiction to morphine. In view of the fact that methadone 
produces in such individuals greater satisfaction than docs Demerol, it 
is likely that a greater number of secondary addicts will appear in the 
near future. 

The possibility of primary addiction in an unstable person who other¬ 
wise would abuse an opiate to the point of addiction, but who has had 
no previous opiate experience, constitutes the second and third cate¬ 
gories. In one group, we have individuals who make original contact 
with the drug as a result of its administration by a physician for a defi- 
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nite illness, and because some psychic deficiency is alleviated, the drug 
is continued and abused. In the other group, we have physically healthy 
individuals who, instead of using an opiate for pleasure and curiosity, 
resort to the newer analgesic drug. There is no doubt that primary ad¬ 
diction has been noted in the first instance, but, so far as I know, no 
case has been reported as being primarily addicted to Demerol or meth¬ 
adone because these drugs were used first in the same way morphine or 
heroin is used by the typical psychopathic individual. Several reasons 
for this come to mind and include the relatively small degree of euphoria 
obtained as contrasted with morphine and heroin; the high probability 
of acute toxicity and unpleasant untoward reactions frequently noted 
when these new drugs are administered parenterally, particularly if the 
individual is ambulatory; and, finally, the difficulty of obtaining the 
medication through illicit channels. 

Let us return for a moment to the group of medically addicted pa¬ 
tients who possess all the psychic attributes conducive to addiction. Ac¬ 
cording to the Public Health Service data from Lexington, Kentucky, 
this group using Demerol constitutes one-half of one per cent of all ad¬ 
dicts. This is approximately one-sixth the incidence of similar patients 
addicted to morphine. 

Reports in the literature regarding this phase of addiction to Demerol 
are very scanty. The first reference 7 to primary addiction with Demerol 
resulting from medical use appeared September, 1946, a period of ap¬ 
proximately 7 years following the introduction of the drug and 3 years 
following availability of the drug in this country. Commissioner An- 
slinger of the Federal Narcotic Bureau published abstracts of reports of 
15 individuals addicted to Demerol. Of this group, 7 cases were of the 
secondary type and do not enter into this discussion. In case No. 5, no 
data other than a statement that “he was reported to be addicted to 
demerol” was furnished. In the ninth case, the patient was labeled an 
addict merely because she demanded the drug to relieve her pain. Pa¬ 
tient No. 14 was stated to have a “craving for Demerol” without indica¬ 
tion that this may have been habituation rather than physical depend¬ 
ence. In the eighth patient, there was a history of opiate use, but not 
addiction prior to Demerol abuse. The remaining four cases were phy¬ 
sicians, two of whom, admittedly, had also had some opiate previously, 
while one had a chronic disease which would make it very likely that some 
opiate had been used. Thus, in only one case could the diagnosis of 
primary addiction be accepted without doubt. Wieder 8 from the United 
States Public Health Service Hospital of Lexington, Kentucky, in De¬ 
cember, 1946, reported three cases of Demerol addiction. One case was 
definitely a secondary type. Another case was a nurse who had access to 
opiates and used these preparations for over 20 years before resorting to 
Demerol. The third patient also had considerable experience with co¬ 
deine and morphine prior to the use of Demerol, although at no time was 
he considered to be an opiate addict. 
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These two reports are the only available evidence in the literature re¬ 
garding primary addiction to Demerol. Correspondence with the Lexing¬ 
ton, Kentucky, hospital also indicates that there have been additional 
patients of this type. It is my impression that the majority of these pa¬ 
tients (the exact number is unavailable to me) have had previous opiate 
administration but have not been classified as opiate addicts because 
they gave no history of abstinence manifestations with their use. Classi¬ 
fication of these patients as true primary Demerol addicts is therefore 
open to question. We have insufficient knowledge of the action of opiates 
to exclude the possibility that previous administration of these prepara¬ 
tions does not alter physiological or chemical functions short of demon¬ 
strable physical dependence. Again, the experiments of Eddy and Him- 
melsbach with “desomorphine” strengthen this viewpoint. Primary ad¬ 
diction to Demerol undoubtedly does occur, but the evidence available 
to date requires further careful evaluation. 

The fourth category is the development of physical dependence “in an 
otherwise normal person suffering an illness requiring prolonged admin¬ 
istration of a potent analgesic.” The addiction liability of morphine in 
this group of patients was well presented by Lee. 9 In all cases, typical 
abstinence phenomena occurred following parenteral and oral use for a 
period of chronic administration of 21 days. This is in accord with clini¬ 
cal experience that patients receiving morphine for a chronic illness will, 
with rare exception, develop physical dependence to the drug within 
two to four weeks of therapy. The psychic component, as a rule, is not 
prominent in this group of patients and, because of this, the patient is 
not considered an addict. However, in view of the physical dependence 
to morphine, these patients, according to the definition of addiction, 
should be so classified. The addiction liability of the new analgesic drugs 
in terms of duration of administration to achieve physical dependence 
in a similar group of patients is very low. In reference to Demerol, I was 
able to follow 47 patients on continuous administration both orally and 
parenterally for many weeks or months, and in a few instances for over 
a year, without noting any signs or symptoms of abstinence upon with¬ 
holding the drug. Curry 10 has reported a similar case. The Public Health 
Service Hospital has also not encountered any accidental primary addic¬ 
tion to Demerol in a normal individual. 

In regard to methadone, information about the last three categories 
are lacking because the drug has not had sufficient clinical use. It may 
be predicted, however, that primary addiction will be noted with ex¬ 
tended use, but, in all probability, because of its low addiction liability, 
the incidence of its occurrence will be small. 

The final point for discussion is the danger involved, other than ad¬ 
diction, from the chronic administration and abuse of these drugs. Ex¬ 
cessive doses of Demerol result in cerebral irritability that manifests it¬ 
self by uncoordinated muscle movements, tremors, and in the extreme 
state by convulsions. Toxic psychosis may occur. The atropine effects of 
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Demerol result in visual disturbances and marked dryness of the mucous 
membranes. Prolonged use of methadone may also result in serious cumu¬ 
lative toxicity. In a group of 33 patients reported by Oshlag and me, 11 
mental confusion and toxic psychosis occurred in 87.5 per cent of pa¬ 
tients over the age of 50 who received the drug in therapeutic doses of 
2.5 to 5.0 mg. repeatedly for 5 days or longer. Data on methadone ad¬ 
dicts are not available, but it is anticipated that this toxic manifesta¬ 
tion will be serious in view of the usual practice of these individuals to 
exceed the therapeutic dose. The one methadone addict I had the oppor¬ 
tunity to observe demonstrated mental deterioration and memory lack 
which subsided when the drug was discontinued. 

In summary, the addiction liability of the new analgesic drugs must 
be considered from the point of view of the individual as well as the 
drug. The major problem in addiction is the psychic structure of the 
individual. The new analgesic drugs produce physical dependence. To 
date, this has been satisfactorily demonstrated in previous opiate ad¬ 
dicts or individuals who have had previous opiate experience. Primary 
addiction undoubtedly occurs, but the available evidence is unsatis¬ 
factory. The overall incidence of addiction to Demerol is small consider¬ 
ing the widespread use of the drug in medicine. Conclusions regarding 
methadone must be held in abeyance until it has had further clinical trial. 
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tive application if in the light of further knowledge it develops that the 
drug is not safe for use. Details of these procedures need not be discussed 
here. 

Comment may be offered on two points mentioned above. In the first 
place, making a new drug application effective does not constitute either 
endorsement or approval of a new drug. Efficacy for the purpose in¬ 
tended is not a primary consideration in the review of the application. 
This review has to do with the evidence for safety. However, efficacy may 
come into the picture. A hypothetical case may illustrate this. If thio- 
uracil had, perchance, been submitted simultaneously or subsequently 
to the submission of propylthiouracil, the two substances being essen¬ 
tially equivalent so far as therapeutic efficacy is concerned, the greater 
toxicity of thiouracil would undoubtedly have resulted in a refusal to 
permit the application for thiouracil to become effective. 

A second comment has to do with the brochure in which, in the case 
of the majority of new drugs, the directions for use are stated. It is the 
practice of the New Drug Section to give very careful consideration to 
this material. It is here that the introducer can set down the information 
which the physician requires for the effective and safe use of the material. 
It is in the brochure that attention can be called to the side effects, or 
the effects of overdosage, and to the circumstances under which a maxi¬ 
mum of safety can be attained. Actually, the very fact of newness means 
that standard texts on drugs and drug action and uses which are readily 
available to the physician are not likely to contain the required informa¬ 
tion. 

No word has been said, up to this point, regarding new analgesic drugs. 
All of the requirements with respect to any new drug of course apply to 
a new analgesic agent. A new drug application covering a drug which is 
introduced for use in the relief of pain must be judged by the same fun¬ 
damental standards, evaluated with respect to the same points, as other 
potent agents. How does it act? What are the frequency and severity of 
the side reactions? What is the margin of safety? What are the possibili¬ 
ties or likelihood of misuse? 

The answer to the last question is, of course, the one of greatest im¬ 
portance. As the reader is aware, there are a number of substances which 
have therapeutic value and which should not be denied the physician, 
but which nevertheless can readily be misused. Amphetamine, the bar¬ 
biturates, bromides, alcohol, cocaine, opium and its derivatives, all are 
subject to abuse, and these abuses may become major social problems. 
It is the position of the Food and Drug Administration, as already 
stated, that maximum safety is attained when the physician is fully in¬ 
formed as to all of the hazards of use. It is, therefore, the belief of the 
Administration, and applicants are so advised, that applications for 
drugs having analgesic properties should include reports of sufficient 
work to establish clearly just what hazards of habit formation or of ad¬ 
diction may exist. More than this, such information should be adequate 
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to establish the relative degree of hazard as compared with that from 
other drugs of equal effectiveness. It is not the responsibility of the Food 
and Drug Administration to say who should make such studies. It is its 
responsibility to be certain that these are adequate, both qualitatively 
and, in so far as is possible, quantitatively. Only in the light of such in¬ 
formation is a maximum of safety possible, and only with such informa¬ 
tion before it can the Food and Drug Administration reach a sound and 
proper conclusion with respect to the safety for use of a new analgesic. 



REGULATORY PROBLEMS OF THE NEW 
ANALGESICS UNDER THE NARCOTIC LAW 


By H. J. AXSLIXGER 

Bureau of Xarcotirs, Treasury Department, Washington, D, C. 

F ROM the standpoint of the application of drug traffic control meas¬ 
ures under Federal narcotic laws in effect prior to July 1,1944, the 
new analgesics could be divided into two classes; (1) new analgesic opium 
derivatives and (2) synthetic analgesics. In the case of new analgesic 
opium derivatives, of which Metopon is an example, no new Federal leg¬ 
islation was required to make them subject to the existing Federal laws 
relating to narcotic drugs. Thus, Metopon, being a morphine derivative, 
automatically became subject to the same control as morphine sulphate, 
in so far as the application of the Federal narcotic drug laws is con¬ 
cerned. An additional measure of control over the production, distribu¬ 
tion, and use of Metopon was afforded through the instrumentality of a 
patent for the drug which was assigned to, and is now owned by, the 
government. 

I believe it is now generally understood that Metopon was found to 
possess certain advantages over other opium derivatives, currently irimed- 
ical use, in the treatment of the chronic suffering of malignancies. There¬ 
fore, the distribution of Metopon w'as limited by patent license agree¬ 
ment to a single medical purpose: the oral administration for chronic 
pain relief in cancer cases. It was tentatively determined that the period 
of this limited distribution should be at least one year, and the distribu¬ 
tion procedure provided for the acquisition, by Dr. Eddy of the Public 
Health Service, of further clinical data from physicians who used it for 
the purpo&e stated. Dr. Eddy has made careful analysis and classifica¬ 
tion of the data received thus far, and consideration is being given to a 
plan which envisages somewhat more extended distribution of Metopon 
whereby it will be available in drug stores, on a physician’s bona fide 
prescription, for the relief of chronic pain incident to other diseases be¬ 
sides cancer. It will be remembered, however, that entirely aside from 
any question of patent control, the production and distribution of Meto¬ 
pon is subject, as always, to the provisions of the Federal narcotic laws. 

The second class of new drugs is that of the synthetic analgesics, pro¬ 
duced without reference to opium or morphine as a parent substance. 
The first example of this class to be brought to our attention was Dem¬ 
erol. This drug was found to have habituating qualities comparable to 
morphine but, because it did not, even at the time it was released as anew 
drug by the Food and Drug Administration, come within the statutory 
definition of a narcotic drug, it was not at that time subject to the 
Federal narcotic laws. A special statute was therefore necessary and, 
under an act approved July 1, 1944, Demerol, under the coined term 
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“isonipecaine,” was made subject to the Federal narcotic laws to the 
same degree as is morphine, excepting that no provision was made for 
the use of Demerol in the so-called exempt (non-prescription) remedies. 

The discovery, production, and distribution of Demerol foreshadowed 
the discovery and possible production for medical use of other synthetic 
analgesic drugs. Foreseeing this development, and considering the like¬ 
lihood that other synthetic analgesics would have habituating qualities, 
the Treasury Department, upon the suggestion of the Ways and Means 
Committee of the House of Representatives, completed a proposed bill 
designed to cover under the Federal narcotic laws, by carefullyregulated 
administrative procedure, each new drug as it was sought to be intro¬ 
duced into trade supply channels, provided the new drug was found to 
have habituating qualities similar to morphine or cocaine. It will be re¬ 
membered that, about one year after the enactment of the special statute 
making the narcotic laws applicable to Demerol, the Department of 
Commerce made available to the American pharmaceutical industry the 
publication known as P. B. 981 which outlined processes and other in¬ 
formation concerning such synthetic analgesics as amidon and Bemi- 
don. Experimental production and clinical study of amidon was in¬ 
stituted shortly thereafter, and in the spring of 1946 the Public Health 
Service commenced its clinical studies of amidon. 

Congress enacted the bill into law as Public Law 320—79th Congress, 
approved March 8,1946. Section 1 of this act provided for the covering 
under the Federal narcotic laws of any drug found by the Secretary of 
the Treasury, after due notice and opportunity for public hearing, to 
have an addiction-forming or addiction-sustaining liability similar to 
morphine or cocaine, and proclaimed by the President to have been so 
found by the Secretary. The result of the Public Health Service tests of 
amidon, made available to the Bureau of Narcotics in April, 1947, in¬ 
dicated that the drug had the requisite habituating qualities and, fol¬ 
lowing the statutory procedure, the Secretary made his finding accord¬ 
ingly. The President proclaimed such finding as of July, 31,1947, the 
proclamation being published in the Federal Register as of August 2, 
1947, and the Federal narcotic laws immediately became applicable to 
amidon. The same procedure is applicable to other synthetic analgesics 
now being, or which may be, studied, provided they are found to possess 
the requisite habituating qualities. 

The procedure by which these new synthetic analgesic drugs with ha¬ 
bituating qualities may be brought within the purview of the Federal 
narcotic laws with reasonable promptness is very important to that de¬ 
gree of control of domestic production and distribution which is de¬ 
signed to make these drugs available only for proper medical purposes 
within the United States. It is also desirable, and necessary, that the 
international traffic in such synthetic analgesics be likewise controlled 
pursuant to the system of international control currently applied pur¬ 
suant to the narcotic drug conventions, notably the Geneva Convention 
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of 1923 and the Convention for Limiting the Manufacture and Regulat¬ 
ing the Distribution of Narcotic Drugs of 1931. While these two Con¬ 
ventions provide machinery for extending their terms to new analgesic 
opium derivatives, such machinery is not made applicable to the syn¬ 
thetic analgesics. The Commission on Narcotic Drugs of the United Na¬ 
tions has recommended, in its report to the Economic and Social Coun¬ 
cil of that organization, that a draft Protocol be prepared and circulated 
to all Governments concerned, with a view to the said Protocol being 
brought into force at the earliest possible moment. The Protocol would 
be a separate international instrument to cover new drugs which do not 
fall under present Conventions, the procedure being somewhat anal¬ 
ogous to that provided for covering new drugs under our narcotic laws, 
except that the ultimate fact-finding body is the World Health Organi¬ 
zation. Every effort is being made to expedite action on this proposal in 
order that appropriate regulation of international movement, as well as 
control of world production, of the new synthetic analgesic drugs may be 
achieved as soon as possible, thus reducing the opportunity for diversion 
of such drugs to non-medical purposes. 

A further consideration in the general plan of achieving complete con¬ 
trol of the traffic in the dangerous synthetic analgesic drugs, is the ques¬ 
tion whether State narcotic laws can be made applicable to such drugs. 
It seems to be a rather slow process to achieve 100 per cent coverage of 
the narcotic enforcement problem in this respect, since even sixteen 
years after the model Uniform State Narcotic Act was drafted, there 
still remain some three or four states which have not adopted this legis¬ 
lation, or legislation which the Bureau of Narcotics deems of comparable 
efficacy. It is very doubtful that those states which have already adopted 
the Uniform Narcotic Law will accept a State administrative procedure 
similar to that in the Federal sphere, providing for a reasonably prompt 
coverage under their existing State law of the synthetic drugs found to 
be dangerous. It is probable that the new synthetic drugs will be covered, 
if at all, under these laws, one by one, as their dangerous habituating 
qualities become widely known, and it must be remembered that the 
State legislatures generally meet biennially and there is frequently a 
lack of interest in this important legislation. As far as I am informed, a 
movement looking toward the possible application of a State narcotic 
law to amidon has been started in only one state, New York. 

In conclusion, I express the hope that any manufacturer or pharma¬ 
ceutical laboratory which undertakes experimental study of a new syn¬ 
thetic analgesic will, subject to appropriate protection of its priority 
therein, submit complete data on the drug to Dr. Eddy for study and 
report by the Committee on Drug Addiction and Narcotics of the Na¬ 
tional Research Council. In addition, and even independently of a de¬ 
termination of the comparative analgesic efficacy of such a drug, it is 
most important to make a determination relative to the habituating 
qualities thereof, before the drug is distributed for medical use. 



METHADONE IN INTERNAL MEDICINE 

By RAYMOND N. BIETER and STANTON A. HIRSH* 
Departments of Pharmacology and Internal Medicine , 

University of Minnesota Medical School , Minneapolis * Minnesota 

T HE release of methadone (10820) by the Food and Drug Adminis¬ 
tration about a year ago opened a new and interesting chapter on 
the action and uses of analgesics, particularly of the morphine type. 
Since then, other derivatives have been made available for experimental 
study. It is the hope that investigators will be able to discover the drugs 
of maximum use with the minimum untoward reactions, for routine or 
special uses. It appears at present that rather extensive clinical trials 
will be necessary to find the answers to these questions. 

Among the available reports on the clinical usefulness of methadone 
in internal medicine are those of Scott, Kohlstaedt, and Chen, 1 Kirch- 
hof and David, 2 Ishmael and Stacy, 8 Bercel, 4 and Troxil. 5 All of these 
investigators found methadone to be a powerful analgesic. Milligram for 
milligram, it is probably more active than morphine. In most clinical 
investigations, a small number of patients have been studied in which 
both methadone and morphine or another opium alkaloid have been used. 
A considerable number of patients have shown a preference for metha¬ 
done over morphine, meperidine and codeine. Reversed preferences have 
also been observed. Whether there exists a striking preference for any 
one of these drugs is still not proven. Likewise, some patients have been 
observed in whom one or more of the above analgesics have failed. In 
these instances, methadone has not always been the least active drug. 
And again, certain patients who have been unable to tolerate morphine 
have taken methadone and have shown satisfactory analgesia with no 
side effects. Therefore, methadone, as an analgesic, cannot be dismissed 
lightly. 

In the overall picture presented by these investigators, complete relief 
of pain was obtained in 50 to 70 per cent of patients, moderate relief in 
an additional 20 to 30 per cent, and failures in from 3 to 20 per cent. If 
one selects the patients in “general medicine” to whom the drug was 
given from the reports of Scott et oZ., and Troxil, one finds that moderate 
to complete relief was obtained in over 90 per cent patients. On the other 
hand, Batterman 6 reported in 180 patients that control of pain by oral 
administration was produced in only 40 per cent of trials, and by paren¬ 
teral injection in 76 per cent of trials. Inasmuch as no description of the 
type of patient was included and no data given as to whether control of 
pain was moderate and/or complete, these results cannot be adequately 
evaluated. 

* Grateful appreciation is accorded to Abbott Laboratories, Ciba Pharmaceutical Products, Inc., Eli 
Lilly and Company, Lederle Laboratories, Inc., Parke, Davis and Company, G. D. Searle and Com¬ 
pany, and Wlnthrop-Steams, Inc., for research grants given to the Regents of the University of 
Minnesota for studies in clinical pharmacology. 
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The data recently reported by Troxil have been rearranged and the 
cases falling only in the field of general medicine have been selected for 
this purpose. The cases have been further grouped according to three 
dosage levels, 5, 7.5, and 10 mg., and, finally, into hypodermic and oral 
administration. This is shown in table 1. In the hypodermic group, it 


Method of 
administration 
and dose in mgr. 


Hypo¬ 

dermic 


Table 1 

Action or Methadone 


Analg i 


m\a 


Side effects 


Xone Fair Good Sedation 


Jjtzzi- Mi 06 is 
ness 


Euphoria 


Itch¬ 

ing 


5.0 

7.5 

10.0 


IN HOSPITAL PATEENTS: 

15 59 6 1 

5 34 2 

4 30 2 1 


Total of 154 patients; 14 side effects in 11 patients. 


IN AMBULATORY PATIENTS: 

5.0 4 3 10 1 3 1 

Oral* 7.5 2 1 11 

10.0 3 12 2 2 4 2 1 

Total of 34 patients; 19 side effects in 13 patients. 

* As tablet, capsule, elixir. 

can be seen that failures occurred only in the 5-rng. dose group. In the 
oral group, failures occurred also in the higher dose level. Although the 
total number of cases is small, it seems justifiable to state that failures 
occur more readily by the oral method of administration. 

The lower incidence of adequate analgesia produced by the oral ad¬ 
ministration of methadone is probably not peculiar to this drug. The ex¬ 
perience with oral meperidine on Dr. Cecil Watson’s service at the Uni¬ 
versity of Minnesota Hospital is that it is an unsatisfactory analgesic. 
The analgesic potency of morphine given orally in man is unknown. A 
theoretical explanation for the unsatisfactory analgesia produced by 
the oral administration of these drugs may be found in the study of 
Ercoli and Lewis. 7 These investigators studied the analgesia produced by 
morphine, meperidine, and other analgesics in the rat, using a modified 
Hardy-Wolff apparatus. With meperidine, they found that it required 
an oral dose 3 to 5 times the size of the hypodermic dose to produce 
comparable analgesic effect, whereas with morphine the comparable oral 
analgesic dose was about 40 times the size of the hypodermic analgesic 
dose. One might, therefore, suspect that in man, too, morphine would 
be an unsatisfactory analgesic by mouth. With both morphine and me¬ 
peridine given to rats orally, Ercoli and Lewis found no satisfactory re¬ 
lationship between dose and effect. 

Table 1 also lists the side effects, which are, for the most part, mild. 
By hypodermic administration, 14 side effects were noted in 11 patients 
out of a total of 154. Orally, 19 side effects were produced in 13 patients 
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out of a total of 34. Thus it can be seen, as others have also observed, 
that side effects are more common following oral administration. Mini¬ 
mal side effects were also observed by Scott et aZ., and by Kirchhof and 
David. It is to be noted that, in striking contrast with morphine, meth¬ 
adone produces sedation only occasionally. For this reason, this action 
of methadone has been grouped with the side effects. 

Bercel, on the other hand, reported, in addition to side effects similar 
to the above, several reactions that were more severe. These were two 
cases of circulatory collapse which in his opinion were due to a sensitiv¬ 
ity. Both of these patients recovered. A similar type of reaction, as pos¬ 
sibly being due to methadone, was reported to the writers several months 
ago by Dr. Ben Sommers of St. Paul. He has consented to the following 
inclusion of this case. 

Patient M. L., male, age 54. For the pains of tabes dorsalis, this patient was given 
hypodermic injections of methadone in doses of 10 mg. at 7 p.m., 20 mg. at 9 p.m. 
and 20 mg. at 3 a.m. The pain was relieved. At 10:30 the ne\t morning the patient was 
nauseated, walked with a stumbling gait, was slightly cyanotic, but had and main¬ 
tained a normal respiratory rate. He gradually became unconscious. At 5 p.m. he was 
admitted to a hospital. At that time, his pulse was 80 and his blood pressure 40/0. De¬ 
spite vigorous intravenous therapy, the patient made no improvement and died 24 hours 
later. Diagnosis: circulatory shock and cerebral irritation. 

Autopsy findings: Gross cerebral edema; petechia in pericardium; aspiration pneumonia. 

Shortly thereafter, the writers were only mildly surprised to learn of a 
similar type of circulatory shock which followed a dose of morphine. The 
following summary of this case was given to the writers by Dr. C. N. 
McCloud of St. Paul for inclusion in this manuscript. 

Patient I. B., female, age 59,170 lbs. At 5 a.m. for an acute attack of nausea and vomit¬ 
ing with pain, patient was given 15 mg. of morphine sulfate by intravenous injection. Be¬ 
fore the injection bl. pr. was 170/80 mm. Hg, pulse 108 and respiratory rate above normal 
(overbreathing). Patient quickly obtained pain relief and sedation from the morphine. 
Respiration appeared normal. In the afternoon, patient was found comatose, with blood 
pressure 60/0, pulse rate 84, respiration as in normal sleep. Thirty minutes later, in a 
hospital, the blood pressure was 30/0 with a pulse of 90 which was thready. Respiration 
was like that in normal sleep. The Babinski was positive. Patient began to become restless 
so 10 mg. of morphine was given by subcutaneous injection. Extensive intravenous fluid 
therapy v as instituted. During the next few hours, the blood pressure gradually rose to 
90 mm. Hg. During the next two days the blood pressure gradually returned to 160 mm. 
Hg systolic, and consciousness also slowly returned. The neurological diagnosis was cere¬ 
bral edema. 

Similar circulatory reactions with meperidine have also been observed 
in the Twin City area of Minnesota, especially in obstetrics. A mild cir¬ 
culatory collapse following an injection of meperidine occurred on Dr. 
Watson^s service in the University Hospital recently. He has consented 
to our inclusion of the following summary: 

Patient M. L., female, age 35,193 lbs. On admission bl. pr. 124/78 mm. Hg, pulse 72 per 
minute. 3 p.m. Meperidine 100 mg. hypo given for pain. 3:40 p.m. patient complained of 
feeling queer and that she could not open her mouth. Pulse became thready, rate 48 per 
minute, bl. pr. 90/85. Respiratory rate 16. Skin cold and clammy, lips cyanotic. 4 p.m. 
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0.5 cc, epinephrine HC1 hypodermic injection. 500 cc. glucose and saline by vein. 4:45 
p.m. bl. pr. 110/58, pulse 92. 5 p.m. patient feels much better, bl. pr. 102/58, pulse 92. 
9 p.m. blood pressure 106/64. 

Subsequent recovery was uneventful. 

Thus, it appears that evidence of circulatory collapse can be seen 
following the administration of these three analgesics to man. On second 
thought, this is not too surprising. In animals, all of these drugs can be 
shown to produce striking blood pressure falls from which recovery may 
be rather slow. Data on the mechanisms of action of these drugs point 
in a similar direction. Krueger, Eddy, and Sumwalt 8 in 1940 stated in 
their monograph on the opium alkaloids that in some instances morphine 
appears to increase parasympathetic activity, or, as other investigators 
have suggested, to inhibit sympathetic activity. Bemheimand Bemheim 9 
in 1936 reported that morphine inhibits cholinesterase in the brain of 
animals. It is not unreasonable to suppose that, in some instances, mor¬ 
phine may increase parasympathetic activity much more than in most 
others and, thus, hypotension could result at times. This action may be 
at least part of the answer to the action of morphine on the bronchi, 
gastro-intestinal tract, and urinary bladder. Constipation has also been 
noted as a side effect in a few patients following methadone. Meperidine 
is commonly thought of as a smooth-muscle depressant. The fact that it 
has a hypotensive effect is in accord with this viewpoint. 

On the other hand, all investigators have not found meperidine to re¬ 
lax all smooth muscle structures, even in experimental animals. In man, 
a striking spasm-producing effect, or the lack of an antispasmodic effect, 
was recently reported by Gaensler, McGowan, and Henderson. 10 Fol¬ 
lowing surgery with T-tube drainage in the biliary tract of man, they 
found that 100 mg. doses of meperidine produced almost as great an 
increase in the pressure within the system as 10 mg. doses of morphine. 
Possibly, again, meperidine can at times be more like morphine in its 
action than we ordinarily think of it at present. Scott, Kohlstaedt, and 
Chen found, in animals, that the effect of methadone on the circulation, 
in its entirety, was more like morphine than like meperidine. Finally, 
Shideman and Johnson, 11 studying all three drugs in the dog, found all 
to be hypotensive, although with repeated injections the responses show 
differences. Evidence is insufficient to indicate whether one of these an¬ 
algesics in man is more prone to produce hypotension than the others. 
On the basis of the frequency with which hypotension has occurred within 
the writers 1 knowledge, the drug most apt to produce this effect is me¬ 
peridine. 

Another serious untoward reaction that is bound to occur with meth¬ 
adone is respiratory depression. Such a case has been observed by Dr. 
Harvey OThalen of Minneapolis, Minnesota, with whose permission 
the following abstract is included. 

Patient J. R., age 15. Amputation of the leg following a compound fracture. For two 
months postoperatively, the following analgesics were used in acceptable doses 3 to 5 times 
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per day: morphine, codeine, Pantopon, meperidine, a nd various combinations of these with 
the coal tar analgesics. Upon the suggestion of the writers, methadone was substituted. 
In 2.5 mg. hypodermic doses, adequate analgesia was produced with no side effects. Four 
to five doses per 24 hours were satisfactory. An occasional 5 mg. dose was tried. Doses of 
this size appeared to be unnecessary. One evening, by mistake, the patient was given a 
25 mg. hypodermic injection. Within an hour, his respiratory rate had decreased from 20 
to 11 per minute. Several large cups of strong black coffee were given to the patient. Within 
another hour, his respiratory rate rose to 18 per minute and he was less comatose. He was 
then left alone, went to sleep and slept v ell throughout the night. His respiratory rate did 
not drop below 18 per minute thereafter. Thirty hours later, the patient asked for another 
analgesic hypodermic and was put back on his usual schedule with methadone. Whether 
this patient had acquired some tolerance to these drugs during 2} months of analgesic 
therapy or w hether he was resistant to methadone is not known. Everyone is familiar with 
these effects produced by morphine, especially in overdose. Meperidine, on the other hand, 
in the acceptable dosage range, seems to be less depressant to respiration. From this stand¬ 
point, it appears to be the safest of the three. 

Several other types of effects and untoward reactions have occasion¬ 
ally been observed in the University of Minnesota Hospitals, which are 
not included in the above summaries. These effects have occurred, 
chiefly, following the administration of several doses. Similar reactions 
have been reported by other investigators. Examples are given below. 

(7) Patient G. L., female, age 19. Diagnosis: abscess of right incisor tooth, with severe 
pain. 9 p.m., methadone 10 mg.—no analgesia. 1 a.m., methadone 10 mg.—good relief 
for 5-6 hours. 

(2) Patient I. H., female, age 28. Diagnosis: thrombophlebitis, with severe pain. Metha¬ 
done 5 mg. hypodermic injections at 4 to 5 hour intervals. The first two doses produced no 
analgesia. After the third dose, analgesia was good. Coincident with pain relief, drowsi¬ 
ness occurred which persisted for more than 24 hours and then disappeared. Good anal¬ 
gesia with no side effects occurred for nine additional days. Drug was then discontinued. 
Following meperidine, 150 mg. hypodermic injections, this patient obtained much less 
analgesia, but more hypnosis and also nausea; with morphine 10 mg., the analgesia was 
also inferior and mild side effects were common. 

(5) Patient J. M., male, age 55. Diagnosis: hemiplegia with thalamic pain. Methadone 
2.5 mg. capsules at A hour intervals for 1 day, then 5 mg. capsules at 4 hour intervals for 
another day. No analgesia produced. Sedation very good. Patient gradually developed 
slurring of speech which progressed almost to a complete aphasia. Meperidine, 150 mg. 
hypodermic injection, no analgesia. Morphine sulfate 15 mg. hypodermic injection gave 
analgesia. Untoward effects were Jacksonian seizures. 

(4) Patient F. U., male, age 67. Diagnosis: painless jaundice. At 5 p.m. patient was given 
a 10 mg. hypodermic injection of levomethadone in preparation for peritoneoscopy. One- 
half hour later patient developed euphoria and disorientation, and could not speak easily. 
Pupils were constricted. Slept well all night The next morning, he still showed euphoria. 
No other effects noted. 

These cases necessitate a consideration of mechanism of action and 
comparison with other analgesics for adequate appraisal. The result ob¬ 
tained in Case 1 has been repeated not infrequently. This effect could 
be due to lack of absorption following the first dose or to a certain cumu¬ 
lation, which might be necessary in this particular individual in order to 
obtain the desired action. In other words, a certain level or concentra¬ 
tion of drug in the area of the central nervous system essential for per¬ 
ception of pain may be necessary. This type of reaction (no analgesia fol- 
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lowing the first dose, good analgesia following the second and subse¬ 
quent doses) has been observed repeatedly with hypodermic injections 
of morphine. Under these circumstances, it would appear impossible to 
indict either drug. A similar explanation might be justified in interpret¬ 
ing Case 2. In this case, the increase in action with repeated doses also 
involved the production of a temporary sedation. This case also illus¬ 
trates the comparative effects of three analgesics. In patient 3, compara¬ 
tive analgesic effects are again shown. This type of response to methadone, 
Le ., severe nervous system side effects, undoubtedly is to be associated 
with the degree of brain injury due to the disease. A similar explanation 
may be used to explain the lack of respiratory depression of methadone, 
compared to that of other narcotics and barbiturates in bulbar and 
spinal poliomyelitis, as was reported by Troxil. Altogether too little is 
known of the relative depressant effects of barbiturates and the mor¬ 
phine type of analgesics in patients with brain injury. Patient 4 illus¬ 
trates a type of untoward reaction seen not uncommonly in patients 
with liver disease. Dr. Cecil Watson has, likewise, seen severe untoward 
reactions with morphine. As a result, it is his opinion that morphine is 
contra-indicated in acute liver disease of this type. This patient was 
given levomethadone with the hope that it would be tolerated more satis¬ 
factorily than morphine. That appears not to be the case. Whether these 
reactions to morphine and methadone are associated with the lack of 
ability to detoxify or change these drugs in certain liver diseases is un¬ 
known. Certainly, it should be further investigated. From the stand¬ 
point of this group of untoward effects and the hoped-for analgesia, it 
would seem that there is no fundamental difference between any of the 
three analgesics, morphine, meperidine, and methadone. Considerable 
work, both experimental and clinical, is necessary to determine whether 
one is safer or another more toxic in patients who have serious pathol¬ 
ogy in one or more vital organs. 

A study of methadone derivatives has also been instituted. Because 
the possible dosage level of these derivatives is very much alike, or iden¬ 
tical, these drugs have been taken over to the University Hospital la¬ 
beled Methadone A, Methadone B, Methadone C, etc. The clinical staff 
members order these drugs and one of us (Dr. Hirsh) observes the pa¬ 
tients. Racemic methadone has also been included. In this way, a mini¬ 
mum amount of bias will creep into the determination of indications 
and interpretation of side effects. The data obtained to date are de¬ 
cidedly a preliminary report and should be observed from that stand¬ 
point. Table 2 shows a summary for each drug. The number of cases is 
insufficient to divide them according to 5, 7.5, and 10 mg. doses. All of 
the patients were hospitalized and all received the analgesics by hypo¬ 
dermic injection. It is to be noted that—with a limited number of cases 
—there appears to be no striking difference to date between methadone, 
levomethadone, and levo-wo-methadone. The drug, K4710V (10720), 
does, however, appear to differ from the above three. Sedation with this 
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Table 2 

Action of Methadone and Derivatives 


Drug, 
hypodermic 
administration, 

5, 7.5, and 10 mg. 

Analgesia 

A 


Sedation 

_A_ 

Side Effects 

i 

None Fair ( 

jOOcL 

None 

Good 

JSW 

Dizziness 

Methadone* 

2 1 

13 

15 

1 

2 

1 (in 3 patients) 

Z-Methadone+ 

2 

24 

23 

3 

3 

(in 6 patients) 

Z-iso-Methadonet 

2 3 

12 

13 

4 

1 

1 (in 6 patients) 

K4710V§ (10720) 

2 

22 

8 

16 

3 

4 (in 4 patients) 


The drugs were generously supplied by the following pharmaceutical concerns: *Eli Lilly and 
Company; winthrop-Stearns Inc. t Abbott Laboratories; Winthrop-Stearns Inc. t Winthrop-Stearns 
Inc. I Winthrop-Stearns Inc. 


drug is far more common and, as a result, this effect has been taken out of 
the ‘•‘’side effect” group and placed beside analgesia. In this respect, this 
drug is more like morphine and meperidine than the others. It should be 
noted that patients who want sedation as well as analgesia prefer this 
drug to the members of the methadone group. Not all patients, however, 
have this preference for sedation. In this group of patients, it was noted 
that two patients out of a total of seventeen receiving levo-iso-methadone 
obtained no analgesia until after the second dose had been administered. 
Then all of them reported that the analgesia was better than that from 
any other previously used drug. 

Again it is emphasized that these data on the methadone derivatives 
are preliminary. It is hoped to continue this type of study for a year or 
more. 


Summary 

1. Methadone has been shown by a number of investigators to be a po¬ 

tent analgesic for the control of pain in internal medicine. 

2. Whether its analgesic action is superior or inferior to that of mor¬ 

phine and/or meperidine remains to be proven. 

3. From the standpoint of preference on the part of some patients and 

its ability to produce analgesia when other drugs fail in other pa¬ 
tients, it has earned a place in human therapy. 

4. Unlike morphine and meperidine, it is devoid of consistent hypnotic 

effects. 

5. Untoward reactions have been observed following its use by all in¬ 

vestigators in clinical studies. These reactions are again like those 
following morphine and meperidine. 

6. The relative danger of these three analgesics from the standpoint of 

untoward reactions is unknown. 

7. Instances of possible severe untoward reactions in man following the 

administration of each of the three analgesics have been reported. 

8 . Levomethadone, levo-£?o-methadone, and K4710V (10720) have also 

been shown to be good analgesics in man. 
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USE OF NEW 

SYNTHETIC ANALGESICS IN SURGERY 


By E. A. ROVENSTINE 
Divisions of Anesthesia, New York University College 
of Medicine and Bellevue Hospital , New York, N . Y. 

A NALGESICS have a role in surgery that encompasses more than re- 
l \ ducing the sensibility to pain. They serve two important purposes. 
This duality is expressed in their utilization to provide safer, less dis¬ 
agreeable anesthesia. They are effective also in alleviating discomfort be¬ 
fore and after surgical manipulations. In the former instance, analgesics 
are among the rather extensive group of drugs that are employed for 
pre-anesthetic medication. 

Pre-anesthetic medication is a descriptive term indicating drugs used 
in the period immediately before an anesthetic agent is administered. In 
general usage, it identifies the drug, or drugs, given hypodermically 
shortly before the patient leaves his hospital bed for the operating room. 
It is almost a tradition in the majority of hospitals that this “hypo” con¬ 
tain morphine and a belladonna derivative, atropine or scopolamine. A 
broader interpretation of the term, pre-anesthetic medication, includes 
a wider list of drugs and many diverse purposes. It is the preparation of 
the patient for anesthesia and surgery. This may be a hypnotic to insure 
a restful sleep the night before operation, it may mean insulin and glu¬ 
cose to fortify the diabetic, quinadine for the patient with heart disease, 
or any of a number of drugs that mitigate against anticipated complica¬ 
tion during anesthesia and surgery. Pre-anesthetic medication is given 
in an attempt to make “the patient safe for anesthesia.” Its importance 
should not be minimized or subjugated to attempts to make “anesthesia 
safe for the patient.” 

For the purpose of this discussion, the two most needed effects from 
pre-anesthetic medication will be considered. These are, to reduce the 
amount of anesthetic agent required to produce the optimal degree of 
narcosis for the proposed operation, and to protect the patient from 
mental discomfort in the immediate pre-operative period. Among the 
new synthetic analgesics, only Demerol has been found to be especially 
useful as a pre-anesthetic drug for these purposes. Methadone appears 
to be without the euphoric and sedative action necessary to alleviate pre¬ 
operative apprehension. 

Demerol has been tested widely as a substitute for the opiates given 
in the pre-anesthetic period. Such substitution has long been desired 
since the opiates have many untoward reactions interfering with the 
anesthetic regime and convalescence. It has not followed that Demerol 
meets all the requirements as a pre-anesthetic drug. In the doses con¬ 
sidered safe, many active young adult patients will not reach the surgi- 
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cal amphitheater in a fearless, confident psychic state. With the opiates 
given properly, this is less frequently the case. The most favorable pa¬ 
tients for Demerol premedication are the elderly and those for whom 
the opiates are withheld. This group is steadily increasing in numbers 
and includes patients who might suffer severe consequence from respir¬ 
atory or circulatory depression, urinary dysfunction, or profound hyp¬ 
nosis. 

It has been the clinical observation that Demerol serves to decrease 
the amount of drug needed for anesthesia. Although this observation 
has not been confirmed by controlled experiment in man, it was found in 
our laboratories that it was true for the dog. The amount of cyclopropane 
in arterial blood was reduced from one-third to one-half that required 
for a given plane of anesthesia after the dog had received 10 mg./kg. of 
Demerol. Similarly, the quantity of ether needed was decreased some 
25 per cent, and the anesthesia time after a given dose of intravenous 
pentothal was prolonged more than 100 per cent. These results with 
Demerol compare favorably with those observed when the opiates are 
used. This despite the fact that morphine is the drug par excellence for 
reducing metabolic activity. It has been the contention, since 1869, when 
the French physiologist Claude Bernard demonstrated the value of sed¬ 
ative drugs for pre-anesthetic medication, that less anesthetic agent was 
required as general metabolism was progressively depressed and reflex 
irritability further obtunded. Since Demerol is inferior to morphine in 
reducing metabolism, other factors must have an important bearing on 
the results. 

When pre-operative pain is present, it is usually controlled by Dem¬ 
erol in appropriate doses. The analgesic effect, however,'is not so constant 
and of shorter duration than may be had with morphine in the amounts 
regularly given. 

When Demerol is given parenterally in doses of 100 mg. approximately 
one hour before induction of anesthesia, about one-half of the patients 
in good physical condition in the 20 to 60 year age group will reach the 
operating room calm and without evidence of emotional disturbance, 
but with an alertness permitting response to ordinary conversational 
questions. This represents the optimal effect from such medication. The 
percentage of satisfactory responses to the same amount of drug in¬ 
creases to some 75 per cent if scopolamine is combined with it. In the 
older patients, more than 50 mg. is seldom advised because of the danger 
from respiratory and circulatory depression. The drug is somewhat more 
efficacious in the old-age group and is usually used without adding a 
belladonna derivative. The use of Demerol orally has not given good re¬ 
sults for pre-anesthetic medication. 

The second role of the analgesics in surgery is concerned with the con¬ 
trol of postoperative pain. There is no chapter in surgical history which 
tells a less inspiring story than the one on the progress in making the pa¬ 
tient comfortable after operation. The practice of writing orders for the 
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inevitable “MS £ q 4 hrs. or PRN”* prevailed through many surgical 
years. Such orders were usually written in the operating room before the 
patient had fully recovered from anesthesia or reached his bed. Re¬ 
cently, there has been a scientific effort to eliminate this empirical rou¬ 
tine. These efforts have resulted from the tardy realization by those en¬ 
trusted with postoperative care that sedatives and analgesics interfere 
with convalescence, and increase nursing attention and hospitalization. 
Moreover, their role in surgical morbidity and mortality may be of con¬ 
siderable magnitude. A better understanding of pain mechanisms, and 
the introduction of new drugs and procedures to alleviate pain and dis¬ 
comfort, have increased recently the efforts to keep patients comfortable 
without large amounts of depressing drugs. The value of permitting the 
patient to utilize his natural defenses against impending complications 
is recognized. Changes in position, breathing exercises, coughing, fre¬ 
quent exercises, and even early ambulation have served to reduce mor¬ 
bidity and mortality. A more careful use of sedative and analgesic drugs 
has been the result. Postoperative pain therapy has emerged upon a 
more rational basis. The early empiricism is being discarded rapidly and 
a sound scientific rationale is being adopted. 

Demerol has been used rather extensively in Bellevue Hospital as a 
postoperative analgesic. When the need for such medication is deter¬ 
mined, and it is far from routine, the parenteral use of Demerol is sug¬ 
gested. It has the advantage over morphine of rarely producing re¬ 
spiratory depression, of being antispasmodic, and interfering little with 
the cough reflex. It is given in doses of 50 to 100 mg., and in such amounts 
may be effective for 2 to 8 hours. When the drug is given orally, it is 
much less effective and is rarely chosen over other mild analgesics. The 
side effects from Demerol include vertigo, nausea, emesis, and syncope, 
but with rather a low incidence compared with morphine. Circulatory 
depression and a decrease in respiratory rate may follow larger doses 
and the drug is used more cautiously for aged individuals. It is not often 
given to children. 

The effectiveness of the synthetic analgesic methadone on postopera¬ 
tive pain has been investigated briefly by Batterman and his associates 
in Bellevue Hospital. The drug was administered in one dose of 2.5 to 
20.0 mg., or similar doses, repeated several times daily. More than 2,000 
parenteral and as many oral doses were given. It was the impression that 
methadone is a useful drug for controlling pain following surgery. It is 
not recommended for prolonged use in elderly patients, since they may 
more often develop untoward reactions such as anorexia, nausea, vomit¬ 
ing and dizziness, and with continued use more serious mental confusion 
and toxic psychoses have been observed. Methadone seems most effective 
in 10-mg. doses given hypodermically. Severe postoperative pain is 
readily controlled in a high percentage of patients with this amount. 
The side effects from methadone are minimal, and its sedative and eu- 

* Morphine i grain every 4 hours, or as needed. 
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phoric action is less marked than from other potent analgesics. When 
given orally, the elixir proved most useful and the favored dose was 5 mg. 
The drug is usually effective for three or more hours, depending on the 
severity of pain. The experience accumulated to date is not comprehen¬ 
sive and does not warrant an effort to assign a definite role for metha¬ 
done in controlling postoperative pain. It is altogether likely that it will 
not be a substitute for morphine since it is not yet proven superior to it. 
Like Demerol, it may find its place in selected types of pain following 
surgery where it can be carefully individualized for the patient. 

Tridione, now used for its anticonvulsant action, was first investi¬ 
gated as an analgesic. Its analgesic properties are well established, al¬ 
though it is not to be compared to the new synthetic drugs already dis¬ 
cussed, or with the opiates. Its effective action is less predictable. The 
drug, given intramuscularly in doses of 10 cc. of 10 per cent solution, is 
practically free of side effects other than sedation. It is not useful when 
pain is severe and its mild analgesic action from the dose cited is scarcely 
of more than 2 hours 1 duration. It has none of the euphoric properties 
characteristic of morphine analgesia. Its usefulness as an analgesic when 
given orally for postoperative pain is slight. Its limitations and indica¬ 
tions are as yet undetermined. 

This discussion would not be complete without mention of intravenous 
procaine. Procaine is not a new drug, but it is only recently that it has 
been widely used for analgesia by intravenous administration. The en¬ 
thusiasm that has accompanied this use has its basis in clinical observa¬ 
tions. To date, there is no agreement as to how its analgesic action is 
accomplished. The site of action is not determined experimentally. It 
is obvious that the more spectacular results have been with the control 
of pain associated with trauma. Patients with burns, fractures, sprains, 
and those with pain at the site of surgical manipulations are more reg¬ 
ularly benefited from intravenous procaine. This observation suggested 
that analgesia follows the extravasation of procaine through damaged 
capillaries where it reaches nerve endings in the perivascular areas at 
the site of injury. The rapid hydrolysis of procaine is contrary to tliis 
concept. It has been suggested, also, that the central effect produced by 
procaine was responsible for the analgesia. It has been determined by 
the Hardy-Wolff-Goodell technique that the pain threshold is elevated 
in patients having received large subcutaneous doses of procaine, an 
elevation more prolonged than the duration of local tissue analgesia. 
Using a similar technique, it was determined in our laboratory that one 
gram of procaine given intravenously, as used clinically to control pain, 
failed to raise the pain threshold as much as a therapeutic dose of ac¬ 
etyl-salicylic acid. This is not in keeping with the analgesic action ob¬ 
served and throws doubt on the importance of the pain threshold as a 
modality for evaluating analgesic drugs, or points to another mecha¬ 
nism to explain the results with procaine. 

Since the whole problem seemed confused, an investigation was un- 
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dertaken in our laboratories and clinics to clarify the pharmacology of 
procaine and the products of its hydrolysis, diethylamino-ethanol, and 
para-aminobenzoic acid. Brodie and his associates devised chemical 
methods for identification of these substances. With these procedures it 
was demonstrated that, in man, procaine is rapidly hydrolyzed to the 
alcohol and acid after intravenous injection. They learned further that 
urinary excretion of injected procaine is negligible, but that 75 to 95 per 
cent of the predicted para-aminobenzoic acid injected in procaine is ex¬ 
creted unaltered in the urine. This was in contrast to the 20 to 85 per 
cent of the predicted amount of diethylamino-ethanol which could be 
isolated from urine. It was obvious, then, that the diethylamino-ethanol 
product of the hydrolysis of procaine is further metabolized in vivo in a 
manner not yet determined. This, and the fact that procaine persists in 
plasma for a much shorter time than diethylamino-ethanol, suggests 
that the latter drug may be the pharmacologically active agent rather 
than the parent drug. 

It was logical, then, to prepare diethylamino-ethanol for oral, intra¬ 
muscular, and intravenous use, and study its toxicological and pharma¬ 
cological action. Emphasis was given to experiments leading to an evalu¬ 
ation of its possible analgesic effects. Such a study is now in progress. 
Initially, it is being used to control postoperative pain. 

Diethylamino-ethanol produces no obvious toxic effects in man even 
when large doses are given. This is in sharp contrast to procaine, where 
the most serious criticism of its use intravenously is the frequency of 
toxic reactions. Also, there are some definite indications that diethyl¬ 
amino-ethanol is effective as an analgesic when given orally or intra¬ 
muscularly. 

The difficulties of evaluating analgesia in the postoperative period 
are readily appreciated, and it is realized that many observations need 
to be completed to reach conclusions. The experiments with diethyl¬ 
amino-ethanol completed here are still in the preliminary observation 
stage. The results merely suggest methods of further study and lead to 
early impressions. 

After completing toxicology studies in animals and man (to be re¬ 
ported elsewhere) and determining doses probably effective, the initial 
studies on its analgesic properties were instituted. These included the 
administration of large amounts of the drug, 4 to 5 grams, in an infusion 
during surgery. The patient, surgeon or nursing staff were not informed 
that the drug had been given. Patients undergoing operative procedures 
that are regularly accompanied by postoperative pain of a severity re¬ 
quiring potent analgesics were selected. Morphine and other analgesic 
drugs were withheld postoperatively unless there was a complaint of 
pain by the patient. Other patients submitting to similar operations 
were given saline infusions only, and some were given 1 or 2 grams of 
procaine intravenously. No toxic symptoms have been noted follow¬ 
ing the administration of 4 grams of diethylamino-ethanol during this 
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study. The analgesic effects appear to surpass those observed with pro¬ 
caine. Two-thirds of patients so treated need no analgesic drug during 
the 24 hours following surgery. Because of the limited supply of the drug 
as yet available, continuous treatment has not been studied carefully. 
There are, however, several isolated instances where diethylamino- 
ethanol was given intravenously to unanesthetized patients in a single 
dose. A favorable analgesic effect was noted in a high percentage of pa¬ 
tients and suggested a constant favorable response. In any event, the 
results obtained with diethylamino-ethanol, especially because of its rel¬ 
ative absence of toxicity, make it mandatory to complete further studies. 



USE OF THE NEW 

SYNTHETIC ANALGESICS IN OBSTETRICS 

By BERT B. HERSHENSON 

The Boston Lying-in Hospital, Boston , Massachusetts 

T HE purposes of this paper are three-fold: (2) to consider some of 
the essential principles basic to the clinical practice of obstetrical 
amnesia, analgesia, and anesthesia; ( 2 ) to present some experiences 
that we, at the Boston Lying-in Hospital, have had in trying to solve 
these problems; and finally (3) to record a brief report on our current 
use of Demerol. 

Essential Principles Fundamental to Good Practice 1 
The first and foremost principle is to give consideration to the welfare 
and safety of both mother and baby. Experimentation with new drugs 
on humans is a dangerous procedure and should not be undertaken in 
obstetrics unless the clinical team includes an anesthesiologist. I have no 
bone of contention with those humanitarians who seek to discover safer 
methods of providing pain-relief for the woman in labor. However, the 
emphasis should properly be placed on the knowledge, experience, skill, 
judgment, and attention of the members of the obstetrical team, rather 
than on the agent or technique employed. 

The problem of fear and apprehension on the part of the prospective 
mother entering the hospital labor room should be met early. The psychic 
component is an important factor in intensifying pain-perception, as 
well as increasing pain-reactivity. The character of the environment, as 
well as the personalities of the obstetrician, anesthesiologist, and their 
co-workers, vitally influences this psychic component. A good principle 
to apply in the labor room is to put into practice some of the freedoms, 
Le ., freedom from fear, freedom from apprehension, freedom from noise 
and careless chatter. This practice will go a long way toward producing 
the desirable pharmacological effects in accomplishing freedom from 
pain. Therefore, an essential principle is to effect maternal psychic seda¬ 
tion and amnesia, for the period of labor and delivery, consistent with 
safe clinical practice. 

The pharmacological agents selected should permit the mother to 
rest quietly and peacefully between her uterine contractions and thus 
conserve her functional reserves. The amnesic and analgesic drugs se¬ 
lected should effect obtundation of the sensory phenomenon of pain. 
Some objective evidences of such therapeutic effectiveness are quiet re¬ 
action patterns, peaceful facial expressions of each mother, along with 
maintenance of a quiet, efficiently functioning labor room. The other 
specific sensory effects are relatively inaccessible to quantitative anal- 
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ysis. From a broad aspect, the analgesics are compounds which ex¬ 
hibit no similarity in chemical structure to each other, have nothing in 
common with regard to pharmacological action, and produce their ef¬ 
fects through actions on different structures. 

On the physiological side, we are dealing 'with two individuals, simul¬ 
taneously, in whom reflex irritability is practically at opposite poles. On 
the one hand is the mother with increased reflex irritability, and on the 
other hand, the unborn child with reflex irritability at its lowest during 
the life-span. In addition, there are modifying factors which influence 
the patients tolerance to the analgesics, e.g.^ variations in sthenicity, 
nutritional state, efficiency of detoxifying mechanisms and organs of 
elimination, presence of increased thyroid activity, and others. Also, in 
the case of the unborn, there are factors of another order operating, as 
a state of immaturity or post-maturity, interferences with its life-line 
in utero , and others. 

The objective of obstetrical amnesia and analgesia is not the attain¬ 
ment of complete comfort for all mothers. If this were so, then some 
mothers would have to be sacrificed due to extremes of drug depression. 
The complete individualization of selection of drug, dosage, and route 
of administration is the only path to safety. The state and duration of 
amnesia and analgesia sought for in the obstetrical patient must be 
differentiated from the degree of analgesia desired for the medical or 
surgical patient. In the case of the obstetrical patient, the level of drug 
depression reached is usually below the first stage where responsibility 
for drug administration must be assumed, not by the patient, but by 
the members of the obstetrical team. 

The techniques employed for administration of the amnesic and 
analgesic agents should permit of controllability, yet be rapidly and 
pleasantly effective. The duration of desired clinical effect should be 
sufficiently predictable to offer the mother a pleasant induction and 
emergence. During and subsequent to maintenance, the amnesics and 
analgesics employed should be devoid of discomfort or hazards to both 
mother and baby. 

The drugs, including the newer synthetics, should be non-toxic to 
both mother and baby. These agents should have received careful study 
in the experimental field on many and varied species of animals to de¬ 
termine lack of toxicity effects, before being applied to medical and sur¬ 
gical cases. Furthermore, only such drugs proven free of toxicity and 
serious undesirable effects experimentally should be exposed to ex¬ 
tended clinical experience in the non-obstetrical clinical fields. Only 
then should these drugs be exposed to clinical obstetrical investigation 
in various dosage relationships, and by various routes of administration. 
In any case, we must preclude the acceptance of amnesics and analgesics 
which involve dangers of toxic, irritating, or undesirable effects dispro¬ 
portionate to their therapeutic value. 

The observations reported from clinical obstetrical investigation must 



Hershenson: New Analgesics in Obstetrics 153 

include sufficient details to permit verification. Mere multiplication of 
inaccurate observations does not in any way render them accurate. The 
credibility of the data and the justification of the deductions are neces¬ 
sarily influenced by the experience of the investigators, their reputation 
as to disinterestedness, technical ability, and critical judgment. 

The drug, or drug combination employed should be safe enough to per¬ 
mit the obstetrician to practice a conservative policy in the conduct of 
labor. Complicating symptoms, incident to the use of amnesic and an¬ 
algesic drugs, during the intra-partum and post-partum periods, should 
be few and preferably absent. The modification of reactivity of the 
mother by the use of analgesics must not be so great as to sacrifice sane 
and safe obstetrical practice. 

The newer synthetic analgesics should meet the requirements of the 
anesthesiologist. He must be able to meet the needs of mother, baby, 
obstetrician, and labor-room personnel. The newer synthetics should 
possess a reasonably wide margin of safety in providing satisfactory 
amnesia and analgesia, regardless of the gestational age or age of vi¬ 
ability of the fetus. It is being realized that heavy basal narcosis for the 
mother may be detrimental to her unborn child. The drugs, including 
the newer synthetics, should be able to reduce reflex irritability of the 
mother without essentially diminishing fetal reflex irritability. The newer 
synthetic analgesics should not more deeply depress the vital functions 
of respiration and circulation, maternal and fetal, than the desired clin¬ 
ical state of reflex obtundation sought for. The minute-volume pulmo¬ 
nary ventilation should not be decreased as a concomitant effect in the 
use of drugs for pain-relief in labor. Depression of this order necessarily 
leads to hypoxia. Too much emphasis cannot be placed on the fact that 
the most potent depressant of cell activity is the induction of oxygen- 
want. Furthermore, not only central but also peripheral reflexes that 
play an important part in respiratory control should not be depressed 
because of the use of synthetic analgesics. Increased fetal movements in 
uteroy marked change in fetal heart rate, or the appearance of meconium 
in the maternal birth-canal should never be caused by the use of anal¬ 
gesic agents for maternal comfort. Should the analgesic agent be estab¬ 
lished as a cause for such depression of fetal vital functions, then that 
agent had best Tie avoided in obstetrical practice. Ensuing complica¬ 
tions of this order may well lead to increased obstetrical operative fre¬ 
quency, as well as other forms of avoidable meddlesome obstetrical prac¬ 
tices. 

The newer synthetic analgesics, ideally, should be retained on the 
maternal side of the tenable utero-placental barrier. These agents should 
not cause imbalance of reflex mechanisms associated with the auto¬ 
nomic nervous system. However, they should selectively depress the 
serous salivary and mucus secretory functions of the respiratory tract 
without altering its ciliary function. They should not induce nausea or 
emesis, nor cause depression of the cough reflex. The drugs should not 
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alter uterine functions. They should be devoid of inducing spasm of 
smooth muscle, e.g., they should not cause prolonged spasticity of uter¬ 
ine muscle. This action not only potentiates maternal pain but consti¬ 
tutes a threat to the life of the fetus. 

Periodic, intermittent use of the synthetics during the period of 
labor, i.e. 9 for approximately 24 hours, should not result in cumulation, 
should be free of tolerance-effect, and should not lead to addiction. 
These agents must be sufficiently predictable in safe effects so that ad¬ 
ministration is possible to all patients of the child-bearing period. This 
includes such factors as variations of gestational age and the presence 
of complicating disease-processes without fear of eliciting or potentiat¬ 
ing untoward responses. 

The newer synthetic analgesics and amnesics should permit exact con¬ 
trol of the selected dose and administration by any desired route. When 
administered parenterally, reasonably satisfactory obstetrical amnesia 
and analgesia should be predictable in at least 90 per cent of the cases. 
This must be accomplished without obtunding the natural forces and 
protective mechanisms of labor. 

It is desirable that these agents should possess the capacity of pre¬ 
venting toxic reactions when solid analgesic regional agents are used to 
complete the delivery. If inhalational agents are used for the latter pur¬ 
pose, these newer synthetic agents should permit controllable mainte¬ 
nance of the desired depth of narcosis without increasing the hazard of 
neonatal apnea. 

The drugs selected for obstetrical amnesia and analgesia should be 
stable v r hen in solution, and remain unchanged both chemically and 
physically during storage. The solutions of such drugs should be non- 
irritating when administered by injection, and free from allergic re¬ 
sponses, They should be comparatively inexpensive and readily available. 
The aqueous solution of the drug should have constancy of action and 
predictability of reproducible effects. The new T er synthetics should pos¬ 
sess greater analgesic potency, amnesic effectiveness, but less toxic 
effects and fewer undesirable side-reactions with a greater margin of 
safety than other known available agents. 

It becomes clear that the ideal agent, or combination of agents, is not 
available to meet all the requirements necessary for safe, controllable, 
and effective obstetrical amnesia and analgesia. There is a definite need 
for the development of new superior agents for the field of obstetrical 
amnesia and analgesia. The laboratory findings on several species of 
these newer synthetics must be known, and such data will be very help¬ 
ful. But the evaluation of these newer agents by several experienced ob¬ 
servers in the non-obstetrical clinical fields is even more essential. How¬ 
ever, it must be emphasized that safety in this field of therapeutics rests 
on the knowledge, experience, judgment, and attention of the members 
of the obstetrical team rather than on the drug or combination of agents. 
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Experiences in Solving These Problems at the 
Boston Lying-in Hospital 

Our experience at the Boston Lying-in Hospital in trying to provide 
for safe pain-relief for the obstetrical patient goes back over a century— 
as a matter of fact, to the year 1847. Our practice is limited to the use 
of inpatients of the hospital, and not in domiciliary practice, nor for the 
ambulatory patient seen in the ante-partum clinics of the hospital. It is 
worth noting that the first obstetrical operation under anesthesia in 
America was performed by Doctor Walter Channing on May 5, 1847, 
at the Boston Lying-in Hospital. Dr. Channing’s book, 2 A Treatise on 
Etherization in Childbirth , published in 1848, is now a classic. As he said, 
“It treats of a noble subject, the remedy of pain.” Today we are dem¬ 
onstrating that this is still a subject deserving of our careful considera¬ 
tion. 

We, at the Boston Lying-in Hospital, have been through various de¬ 
velopmental phases since Channing^s day. We have employed chloro¬ 
form a la reine , intermittent nitrous oxide tlirough long hours of vigil, 
twilight sleep, and various regional anesthetic procedures. About 20 
years ago, Dr. Frederick Irving, our emeritus chief, explored the possi¬ 
bilities of the barbiturates, particularly for the stage of painful uterine 
contractions associated with dilatation and taking up of the cervix. This 
period may last for hours. Following this experience with barbiturates 
and scopolamine, paraldehyde, ether-in-oil, and other agents were ex¬ 
plored to meet some of the undesirable reactions of the former. 

The present Chief of the Boston Lying-in Hospital and Professor of 
Obstetrics at the Harvard Medical School, is Dr. Duncan E. Reid. He 
is carrying on this same noble tradition of taking all steps consistent 
with safe practice, so that every woman may bear her baby with a mini¬ 
mum of pain. To strive for safer practices of obstetrical amnesia, anal¬ 
gesia, and anesthesia is a challenge and responsibility all serious-minded 
physicians must recognize. 

We have been impressed with the fact that our most successful meth¬ 
ods have included the use of scopolamine. Its advantages and disad¬ 
vantages may help point the direction for future exploration of newer syn¬ 
thetic agents that would find a wider application in obstetrical practice. 

We believe scopolamine possesses the following advantages: 

(2) It is the best amnesic agent available. 

(2) Clinically, it produces psychic sedation with its accompanying re¬ 

lief of apprehension and anxiety, along with dreamless sleep. 

(3) It produces dryness of mucous membranes of the respiratory tract, 

often to a degree better than that produced by atropine and the 
newer available synthetics. A dry, unobstructed respiratory tract 
needs no emphasis here. 

(4) It can relieve bronchospasm and laryngospasm under certain cir¬ 

cumstances. 
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(6) It has the capacity of preventing some of the untoward physiologi¬ 
cal reactions, e.g ., the vagal type of carotid sinus syndrome (brady¬ 
cardia, lowered arterial tension, and decreased pulse pressure). 

(6) It may increase maternal respiration. 

(7) It is more effective than atropine in combating respiratory depres¬ 

sion produced by the more potent centrally acting narcotics. 

(8) Clinically, we have observed no ill-effects on fetal or neonatal func¬ 

tions. 

(9) It possesses a reasonably wide margin of safety. 

(10) Scopolamine can be administered by any route. The duration of its 
desirable clinical effects in obstetrics is about two hours. 

We have found its chief disadvantages in obstetrics to be: 

( 1 ) Its lack of sufficient analgesic potency. It has an effective psychologi¬ 

cal component in removing the fear-element, yet it lacks sufficient 
subcortical “blocking” effect at the lower integrating levels for 
pain. 

(2) It produces undesirable side reactions of excitement and muscular 

overactivity. 

(3) It may produce some other less frequent undesirable side effects, 

e.g edema of eyelids, lips, or uvula. 

Can a drug be synthesized that possesses the advantages of scopola¬ 
mine and yet lacks its disadvantages? Until such time, other drugs, in¬ 
cluding some of the newer synthetic analgesics, deserve careful explora¬ 
tion in the field of clinical obstetrics. 

Recently, we have been limiting the barbiturates to the early period 
of labor for their hypnotic effect. As labor progresses, we have employed 
quite successfully the combination of scopolamine and apomorphine. 
The apomorphine is administered in subemetic doses to counteract some 
of the undesirable effects of scopolamine. It possesses some degree of 
potentiating the analgesic factor of scopolamine and helps considerably 
to maintain a quiet, efficiently functioning labor room. Thus far, in our 
hands, this approach has been the best solution to the problem from 
both the maternal and fetal standpoints of safety. In our apomorphine 
series, 3 only 6 per cent of our newborns required resuscitative measures 
of some sort, and of this group but 1 per cent required early active re¬ 
suscitative measures. All responded readily and maintained a desirable 
state of reflex irritability. In this same series, over 90 per cent of the 
mothers had satisfactory amnesia-analgesia and the labor room was quiet 
and peaceful on an active service. 

We are now in search of a drug which will retain the merits of sub¬ 
emetic doses of apomorphine but increase the analgesic effect of scopol¬ 
amine without diminishing the safety for mother and baby. At present, 
we have selected Demerol for study. Of all the newer synthetic analge¬ 
sics more is known, probably, about the actions of Demerol and, further 
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more, we have had some little experience with this drug. In a previous 
study 1 2 * 4 reported from the Boston Lying-in Hospital, it was noted that 
successful amnesia-analgesia occurred in about 70 per cent of the moth¬ 
ers. In this same series with Demerol, about 16 per cent of the newborns 
required active resuscitative measures at birth. Of this group, more 
than 3 per cent required immediate active resuscitative measures. But 
what is more important is the fact that an even larger group of new¬ 
borns failed to maintain satisfactory reflex irritability even though ade¬ 
quate resuscitative measures were instituted early. 

Brief Report on Current Use of Demerol 
At present, our efforts are directed at exploring the possible merits of 
much smaller dosages of Demerol than heretofore reported. The present 
study consists of approximately 100 unselected primiparous patients at 
the same hospital. A test group were tried on 10-milligram doses with 
each two-hour administration of scopolamine, adding further 10-milli¬ 
gram intermediate doses of Demerol as indicated. This procedure re¬ 
sulted in improved reflex irritability of the newborn but with a much 
higher incidence of restlessness and excitement of mothers, poorer am¬ 
nesia-analgesia, and a less quiet labor room. 

More recently, we have been employing Demerol in 20-milligram doses 
with each administration of scopolamine, along with intermediate doses 
of Demerol in 20-milligram units as indicated. I must repeat that this is 
a report of work in progress, and the first consideration is safety for 
mother and baby. The facts in this study are as follows: 

(1) 47 per cent of the mothers had absolute amnesia. 43 per cent 

vaguely remembered some isolated incident. Consequently, satis¬ 
factory amnesia occurred in 90 per cent of the mothers. In this 
current series, 10 per cent of mothers failed to have amnesia. It 
must be emphasized that, in all our studies, the main objective 
is to produce satisfactory amnesia so that the patient has no 
memory of events from the time of administration of the drugs 
until she is awake in bed in the ward, i.e., so that there is no mem¬ 
ory whatever of labor. Of course, this is an affair for the hospital 
and not for home deliveries. 

The medication is usually started in these primiparous pa¬ 
tients when the cervix reaches 2 fingers dilatation and uterine 
contractions are recurring every 3-5 minutes and are of 40-45 
seconds’’ duration. 

(2) Excitement occurred in 45 per cent of this series of mothers. The 

labor room is definitely not as quiet as with the apomorphine- 
scopolamine series. What is even more important, the individual 
mother is less apt to mobilize her expulsive efforts as effectively 

as the similar amnesic-analgesic mother does under the effects of 
scopolamine-apomorphine. 
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(3) Emesis occinred in 18 per cent of this series. No other undesirable 

side effects were noted. There was no characteristic influence on 
maternal vital functions, i.e ., on respiration, pulse rate, or blood 
pressure. There was no characteristic effect on uterine rhythm, 
rate, or force of contraction. 

(4) The average length of labor was 11.4 hours. This is about the same 

duration as with the scopolamine-apomorphine series. Inciden¬ 
tally, the extremes in the present series varied from 1 to 43 hours. 
In our experience, the average unpremedicated primiparous pa¬ 
tient requires about 16 hours. The mothers in this series varied 
in age from 16 years to 34 years. Most of the cases were in the 
early half of their third decade of life. Their gestational age 
varied from 36 to 48| weeks; the largest group were of 40±2 
weeks. Their weights varied from 116 to 211 lbs. and their heights 
from 51 to 68+inches. Other factors influencing maternal reflex 
irritability varied correspondingly. 

(5) The blood loss was normal, under 200 cc. in 87 per cent of the 

cases. 8.6 per cent of the cases had moderate hemorrhage and 
4.4 per cent of this series had severe blood loss, a.a., 400 cc. or 
over. Most incidents were explained on the basis of bleeding from 
the episiotomy or other operative w ound, or lacerations or trauma 
during actual delivery. 

(6) 95.7 per cent of the cases were delivered vaginally, while 4.3 per 

cent were delivered by abdominal hysterotomy, after a test of 
labor of approximately 10 hours. 

(?) There were no maternal or neonatal deaths in this series. The av¬ 
erage period of hospitalization was 10 days. In this series, there 
was one stillbirth. This occurred in a 22-year-old mother of 152 
lbs. weight and 62 inches height, of 44 weeks'* gestational age, 
haring 9| hours of labor, with uneventful prenatal course. She 
was delivered by low forceps extraction employing a medio-lateral 
episiotomy. The cord was found once around the neck, not too 
tightly. The immediate cause of death was undetermined. The 
pathologist’s report was “congestion of lungs with petechial hem¬ 
orrhages; congestion of viscera; dilatation of right ventricle; in¬ 
trauterine asphyxia.” The mother had no memory of labor but 
for vague recollection of actual delivery; she was delivered under 
low spinal analgesia without untoward effects of this anesthetic 
technique. What role Demerol may have played in this case will 
remain a mystery. 

(S) Immediate spontaneous respiration occurred in 29 per cent of the 
infants in this series; 46 per cent of the infants had slight delay 
of spontaneous respiration. Thus, 75 per cent respired satisfac¬ 
torily at birth. 22 per cent of this series were resuscitated with 
comparative ease, and 1.5 per cent with great difficulty. Thus, 
in this series 23.5 per cent required resuscitative measures at de- 
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lively. Once resuscitated, tills group of infants were not as mark¬ 
edly depressed as the original series reported under Demerol 
from this institution. With but few exceptions, all mothers and 
babies were discharged well on the 10th post-partum day. In a 
control series of unmcdicated patients reported from this insti¬ 
tution, 1.9 per cent of living full-term infants did not breathe 
immediately as soon as they were bom. With the scopolamine- 
apomorphine series, 6 per cent of the infants required resuscita- 
tive measures at birth, but in this Demerol series 17.5 per cent 
more infants required resuscitation at birth. 

(9) The average case received four doses of Demerol, i.e.> 80 milligrams. 
The doses per case varied from 1-11, i.e ., 20 to 240 milligrams. 
The average interval between the first dose of Demerol admin¬ 
istered and the time of delivery varied from 5-7 hours. The re¬ 
turn to consciousness following delivery, on the average, was 
from 3-4 hours. 

(10) The babies were independently examined by the pediatric staff on 
the day of delivery, as well as on the day of discharge. 

Conclusions 

Certain impressions have been gained from the current studies of this 

synthetic analgesic agent: 

(1) Demerol is not an amnesic agent. This impression is gained, also, 

from a study of patients in whom Demerol alone was the sole pre¬ 
anesthetic agent. 

(2) Thus far, we have not observed excitation when Demerol alone was 

employed. Furthermore, Demerol will counteract the excitation of 
scopolamine when used in sufficient dosage. 

(3) Demerol will provide a limited amount of psychic sedation for the 

obstetrical patient in the dosage range currently employed. It will 
produce less depressing effects than, e.g ., morphine or its deriva¬ 
tives, in comparable dosages on the \ital functions. 

(4) If a greater degree of analgesia and quietude of labor room is sought 

for, as compared to apomorphine, then the results are attained at 
a greater degree of depression of reflex irritability of the newborn. 

(5) Because of its ability to counteract some of the undesirable effects 

of scopolamine, its greater analgesic potency, its relative freedom 
from serious toxic reactions, and its availability for parenteral 
use, we shall continue to explore its possibilities to meet our prob¬ 
lems in obstetrical amnesia, analgesia, and anesthesia for the 
mother if no further hazards are added to the baby. 

(6) There is room for further development of analgesic drugs for obstet¬ 

rical purposes proriding they are safer for mother and baby. 

(7) There is ample room for further development of scopolamine-like 

drugs, which may be of even greater value in meeting our require- 
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ments in obstetrics for more effective amnesia and analgesia for 
the mother without added risk for the baby. 

Finally, the enthusiasm and prevalent interest in these problems offer 
even greater hope for the future development of still better and safer 
agents and methods of relieving the pains of childbirth. 
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PRELIMINARY EXPERIENCES IN THE USE OF 
SOME OF THE NEWER ANALGESICS 
IN THE RELIEF OF PAIN DUE TO CANCER 

By R. W. HOUDE, L. H. RASMUSSEN, and J. S. LaD UE 
Memorial Hospital for the Treatment of Cancer and Allied Diseases 
and Sloan-Kettering Institute for Cancer Research , New York , N Y. 

Introduction 

T HE purpose of this paper is to report the results of a clinical trial 
of four synthetic analgesics in patients who had severe pain con¬ 
sequent to inoperable cancer. The physician caring for the patient with 
inoperable cancer is almost always confronted by the need for measures 
which will control pain without keeping the patient at or near narcosis. 
Although roentgen and even chemotherapeutic treatment may control 
pain for variable periods of time, the disease all too frequently progresses 
beyond or becomes refractory to such measures. Specific surgical pro¬ 
cedures such as chordotomy are often impractical and not always suc¬ 
cessful in their aim. The judicious use of analgesics then becomes, to¬ 
gether with superficial psychotherapy, the only available means of com¬ 
bating mentally and physically crippling pain. Known analgesics such as 
the salicylates, meperidine, morphine and its analogues, often leave 
much to be desired because of unfortunate side effects, increasing toler¬ 
ance, and drug addiction. 

The ideal analgesic should not only control pain without sedative ac¬ 
tion, but perhaps should also produce a mild euphoria. The search for 
such a drug has been, and is still being, diligently conducted by chemists 
and pharmacologists and has resulted in the synthesis of several promis¬ 
ing drugs. 

Four chemically different analgesics were supplied to us for study of 
the problem of pain in patients with inoperable cancer admitted to 
Memorial Hospital. Two piperidine derivatives, NU-896 and NU-1196; 
methadone (Adanon hydrochloride or 10820), a drug made available in 
Germany at the end of World War II 1 ; and Metopon (methyl-dihydro- 
morphinone) 2 were investigated. The chemical formulae are given in 
figures 1 to 3 (note the similarity between meperidine, NU-896, NU- 
1196, and methadone, as well as the close relationship between Metopon 
and morphine), 

Metopon and methadone have been shown to have analgesic properties 
comparable to those of morphine, 2 * 6 * 7 * 9 » 10 No clinical studies of the two 
piperidine compounds have, as yet, been reported. However, animal 
experiments show that the analgesic indices of NU-896 and NU-1196 
approximate that of methadone; the relative safety of NU-896 is 4.8 times 
that of meperidine, while NU-1196 is 1.6 times safer than meperidine. 4 * 11 
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(Table 1.) These results suggested that these drugs were worthy of clin¬ 
ical trial. 


Table 1 

Activity and Safety Margin of Analgesics Given Subcutaneously 
(Animal Studies) 


Drug 

LDm 

mg./kg. 

AD 

1.40 mg.]kg . 

Safety 

margin 

Relative safety 
{meperidine—1) 

NU-896 

65 

S.O 

21.6 

4.8 

NU-1196 

50 

6.3 

8 

1.6 

Methadone 

45 

3.4 

13 

2.6 

Meperidine 

250 

50 

5 

1.0 


Method of Study 

The patient with severe pain due to cancer might, on first thought, 
appear to be an ideal subject for the study of the analgesic properties of 
any drug, but brief consideration will suffice to show that this is not the 
case. Most of these patients are apprehensive and depressed, and their 
reaction to pain is unpredictable. Many of them have several modalities 
of pain varying in intensity from time to time depending upon minor 
changes in position, the taking of food, or the elimination of excreta. 
Spontaneous exacerbations and relief of pain occur at unpredictable 
intervals. Our studies confirm the reported observation that data ob¬ 
tained on the pain response of animals or normal human subjects can¬ 
not be duplicated in patients who have experienced repeated painful 
stimuli over long periods of time. 3 Moreover, it is not feasible to con¬ 
tinue to administer relatively ineffective drugs to patients with severe, 
unrelenting pain and hence the extent of such studies must be limited. 
Despite these uncontrollable factors, we felt that a clinical investigation 
of these newer analgesics might demonstrate the usefulness of one or all 
of them in different situations. 

Table 2 shows the disease processes responsible for pain in the 60 pa¬ 
tients studied and the drugs employed in each situation. In table 8 , the 
number of patients presenting different types of pain problems and the 
drugs used in each instance are listed. Many patients had more than one 
type of pain but, for simplification, an arbitrary classification based upon 
the localization of pain, as well as the nature and extent of the neoplastic 
process, was adopted. Thus, these 60 patients presented 117 different 
pain problems depending upon the extent, extension, and method of 
production of the pain. 

Each patient was evaluated as to the type and extent of his disease, 
his nutritional and psychosomatic status, as well as his experience of 
and pattern of reaction to pain (table 4). Daily examinations for sys¬ 
temic change were made. Observations as to the onset, height, and dura¬ 
tion of the patient’s reaction to pain were made at frequent intervals 
both after giving the trial analgesic and after administration of the 
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Table 2 


Classification op Patients as to Diagnosis and Analgesic Given 


Diagnosis 

Metopon 

XU-896 

XU-1196 

Methadone 

Lymphoblastomas 

1 

3 

3 

11 

Melanoma 

- 

1 

1 

— 

Sarcomas 

- 

- 

- 

2 

Carcinoma: 

Head and neck 

3 

- 

1 

13 

Breast 

1 

- 

1 

5 

Lung 

- 

1 

- 

2 

Gastrointestinal 

- 

1 

2 

3 

Rectal 

- 

- 

1 

2 

G-U 

- 

- 

- 

3 

Gynecological 

- 

- 

1 

2 

Abdominal, primary? 

- 

- 

- 

2 

Bone tumors: 

Multiple myeloma 

- 

- 

- 

1 

Osteogenic sarcoma 

- 

- 

- 

1 

Endothelioma 

- 

- 

- 

1 

Metastatic, primary? 

- 

- 

- 

2 

Total: 

5 

6 

10 

50 


Table S 

Classification of Patients as to Pain and Analgesic Given 


localization of pain 

Metopon 

XU-896 

XU-1196 

Methadone 

Intracranial 

- 

1 

1 

4 

Cord, root or nerve trunk 

1 

3 

3 

14 

Visceral 

2 

4 

8 

20 

Bone 

3 

1 

3 

25 

Integumental: 

Pruritus 

_ 

2 

1 

8 

Ulceration 

i 

- 

2 

10 


7 

11 

18 

81 


standard analgesics employed for comparison studies. At first, an effort 
was made to obtain more objective data by measuring pain thresholds 
with the Wolff-Hardy-Goodell apparatus according to accepted tech- 
niques. 3 It was exceedingly difficult to train these patients, since most 
of them were desperately ill. Few could cooperate when their pain was 
severe and, in many, basal conditions were unobtainable because of 
fever, cardiac, respiratory, or gastrointestinal distress. In the few that 
we were able to train, the results were so frequently inconsistent that it 
was impractical to continue the procedure. For example, one patient with 
extensive metastatic melanoma with cord lesions and radicular pain 
achieved an elevated pain threshold (250 to 360) after one of the analge¬ 
sics but complained of the return of pain in the region of his disease at 
the height of the pain threshold elevation. 

All of the patients studied had had pain for weeks or months and all 
had received several analgesics. In general, the salicylates, codeine and 
aspirin, meperidine, Pantopon, and morphine were used in that order 
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Table 4 

Method of Study 

Preliminary data: 

Age Diagnosis Nutritional status Psychosomatic status 

Data obtained before and at intervals after giving analgesic: 

Pain threshold as measured by Wolff-Hardy-Goodell apparatus 
Type, location and radiation of pain 

Pattern of reaction to pain (apprehensive, fear, depression, etc.) 

Subjective change: 

Onset of effect 
Height of effect 
Duration of effect 


Criteria used in evaluating pharmacological action: 


Neuro-Muscular System 
Vegetative: 

Temperature (rectal) 

Skin blushing or blanching 


Dermatographia 

Cerebral: 

Alertness 

Depression 

Drowsiness 

Dizziness 

Sensory: 

Paresthesia 

Hyperesthesia 

Motor: 

Effect on activity 
Coordination 


Apprehension 

Euphoria 

Sleep 

Headache 

Numbness 


Special senses: 

Pupil size Reaction 

Diplopia Nystagmus 

Tinnitus Blurring 

Acuity of hearing 


Other Systems 
Cardiovascular: 

Heart rate and rhythm 
Blood pressure 
Respiratory: 

Plate and depth 
Effect on cough reflex 
Gastrointestinal: 

Nausea or vomiting 
Abdominal distension 
Cramps 
Diarrhea 
Constipation 
Genitourinary: 

Pain 

Burning 

Atony 

Frequency 


for ascending severity of pain. Control observations were made in these 
patients for periods of from two to seven days before administration of 
any of the test drugs. When their pain was more or less controlled by 
one or more of the above listed analgesics, the trial drugs werethengiven 
first in the minimal recommended therapeutic doses and then in in¬ 
creased dosages as indicated. The dosage of NU-896 was 7.5 to 15 mg. 
by hypodermic injection; that of NU-1196, 15 to 40 mg. orally and 
hypodermically; of methadone, 2.5 to 20 mg. orally and hypodermically; 
Metopon was given by mouth only in doses of 3 to 18 mg. At first, all 
these drugs were given at four- to six-hour intervals and the dosages in¬ 
creased as the need for greater relief was manifested. If any degree of 
alleviation of pain was achieved, however, the interval was shortened as 
indicated by the duration of analgesia. When effective, the trial drugs 
were used over as long a period of time as possible in order to determine 
tolerance and toxicity. When the trial drug proved ineffective, the con¬ 
trol analgesic was re-administered and re-evaluated. The various test 
drugs were not compared with one another, except in a few instances, as 
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they were obtained at different times during the period of investigation, 
and because many of the patients flatly refused to continue with a drug 
which they, or their attending physician, knew to be ineffective. We were 
unable to judge the addicting properties or withdrawal symptoms of 
these drugs since all the patients required and were given other analge¬ 
sics when the trial preparation was withdrawn. 8 


Results 

Table 5 shows the results obtained with these four drugs when com¬ 
pared according to the various types of pain. The degree of analgesia 
was arbitrarily classified as 1, 2, 3, or 4. Grade 1 indicated that the pa¬ 
tients derived negligible analgesia. Patients with Grade 2 relief stated 
that the pain was somewhat less severe but that they were still definitely 
uncomfortable. Patients with Grade 3 relief were comfortable and able 
to carry on their activities, although when asked they stated that they 
were still aware of some dull pain. Grade 4 indicated that the patients 
were not conscious of any pain. 

Of the five patients receiving Metopon, only one, a patient with a 
large radiation ulcer of the cheek, obtained significant relief of pain. 
This drug was uniformly unsatisfactory in doses up to 18 mg. given every 
two to three hours by mouth in the other patients with nerve trunk, 
visceral, and bone pain, and either the patients or their physicians de¬ 
manded that they be placed on other medication. However, all of these 
patients had received other analgesics, and all patients but the one who 
did derive satisfactory analgesia had received morphine or Pantopon. 
Since Metopon was not available for clinical investigation and was diffi¬ 
cult to obtain, our series is necessarily small and therefore not conclu¬ 
sive. 

None of the patients receiving NU-896 obtained satisfactory anal¬ 
gesia. Two patients experienced Grade 2 relief of pain, and one with 
severe pruritus (Hodgkin’s disease) some relief of itching. In none of 
these cases, however, was this drug as satisfactory as the previous med¬ 
ication. 

Grade 3 to 4 analgesia was obtained in only two of ten patients re¬ 
ceiving NU-1196. In a third patient, nerve trunk pain was relieved but 
“visceral pain which developed subsequently was not. Thus, in only three 
patients with four pain modalities was satisfactory analgesia achieved. 

Thirty-three of fifty patients who received methadone obtained Grade 
3 to 4 analgesia. When grouped according to types of pain, as in ta- 
ble 5,59 per cent of the pain problems were satisfactorily controlled by 
this preparation (S to 4 relief). When patients with pruritus were ex¬ 
cluded, this percentage was raised to 63 per cent. 

In table 6, the time of onset and average duration of action of the 
drugs is noted and compared as to the route of administration. The on¬ 
set of action was, in general, 15 to 30 minutes sooner when the drug was 



Table 5 

Degree of Analgesia Obtained 
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Table 6 


Comparison op Effective Analgesia with Drugs Tested 


Dose 
(mg.) 
3-18 

7.5- 15 
20-40 
20-40 

2.5- 10 
5-20 

* One case. 


Onset Average duration (range) 


(s minutes) 

(hours) 

30 

2* 

20-35 

li (1-3) 

30-60 

li (1-3) 

15-30 

2J(4-5) 

30-60 

4 (1-12) 

15-30 

4 (1-8) 


Metopon (oral) 
NU-S96 (hypo) 

KH-11W {« 

Matod «“{(5, ) 


given hypodermically than when given by mouth. The average duration 
of analgesia in individual patients is indicated in parentheses. The over¬ 
all average for all the patients is indicated by the preceding figure in 
this column. The single patient in this series who responded to Metopon 
noted appreciable analgesia for two hours only. Those who noted any 
effect from NU-896 noted pain relief for an average of one to two hours, 
or an overall average of one and a half hours. NU-1196 given orally 
showed an average duration of analgesia of one and a half hours, with 
a range of from one to three hours. When given hypodermically, the 
average duration of analgesia was two and a half hours, with a range of 
from one to five hours. Methadone, either by mouth or hypodermically, 
produced analgesia of about four hours’ duration. The average dura¬ 
tion in individual patients ranged from one to twelve hours by mouth 
and one to eight hours by hypodermic injection. It is to be noted, how¬ 
ever, that those who received the drug parenterally were as a rule more 
ill and apprehensive and, as far as could be judged, were experiencing 
more severe pain. 

When the effects of oral and hypodermic administration of NU-1196 
and methadone were compared, as in table 7, both routes appeared 
equally effective. However, this, too, was more apparent than real and 
resulted from the selection of patients. Patients who had been receiving 
analgesics parenterally prior to the giving of the trial analgesics were 
usually given the new drug by the same route so that they would not be 
aware of any change. This was done in order to minimize the psychologi¬ 
cal effect of a “new drug” on the patients’ experience of pain. In the few 
comparisons that were made, patients receiving hypodermically admin¬ 
istered medication did not in any instance derive "satisfactory analgesia 
with orally administered analgesics even though the dose was often twice 
as much. However, in two of three patients who were given NU-1196 
orally with no appreciable effect, subsequent hypodermic injections in 
the same dosage were effective. When methadone was given subcutane¬ 
ously, approximately one-half the dosage was required to produce the 
same effect as when it was given orally. 

In table 8, a comparison of the relative analgesic efficacies of the 
trial and standard drugs is presented. A comparison of the effect of the 



Table 7 

Comparison op Analgesia bt Oral and Hypodermic Doses 
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trial analgesic with one or more of the opiates in general use for pain re¬ 
lief was made in all the patients in this series. In doses of 8 to 19 mg. by 
mouth, Metopon was inferior to morphine, Pantopon, and codeine and 
aspirin. However, the one patient cited above preferred 3-mg. doses of 
Metopon to 50 mg. of meperidine, but not to oral doses of 5 mg. of meth¬ 
adone or 10 mg. of morphine. NU-896 was inferior in dosages of 7.5 to 15 
mg. to 10 mg. doses of morphine or Pantopon, although 15-mg. doses of 
NU-896 were preferable to 100 mg. of meperidine in one of two patients. 
NU-1196 in doses of 20 to 40 mg. was less satisfactory than 15 mg. of 
morphine in seven patients, and than 10 to SO mg. of morphine in six 
patients. Two of four patients preferred 20-mg. doses of NU-1196 to 50 
to 100 mg. of meperidine, and one patient preferred 40 mg. of NU-1196 
to 100 mg. of meperidine. In two of four patients, 20 mg. of NU-1196 
was more satisfactory than 65 mg. of codeine together with 650 mg. of 
aspirin, but in two of four patients 30 to 40 mg. of the test drug was less 
satisfactory. 

Methadone in 2.5 to 7.5 mg. doses was preferred to 10 to 15 mg. of 
morphine in only two of thirteen patients (15%), but in 10 to 20 mg. 
doses was preferred in eight of eighteen (45%). Two patients who were 
addicted to morphine and were receiving 292 and 455 mg. of morphine 
daily in doses of 32 to 100 mg. every 4-6 hours were not well controlled 
with methadone in 10-mg. doses, although, upon the insistence of the phy¬ 
sicians attending these patients (who were approaching terminus), this 
was not pursued to a conclusive test. Six of fourteen patients (43%) pre¬ 
ferred methadone in 10 to 20 mg. doses to 20 mg. of Pantopon, but in 
two of these, methadone in 5-mg. doses was unsatisfactory. Six of twelve 
patients were better controlled with 2.5 to 7.5 mg. of this drug than with 
50 to 100 mg. of meperidine, and eighteen of nineteen (94%) with 10 to 
20 mg. of methadone than with 100 mg. of meperidine. Twelve of fifteen 
patients preferred 2.5 to 7.5 mg. of methadone to 30 to 65 mg. of codeine 
(usually combined with aspirin), and in sixteen of seventeen (93%) 10 to 
20 mg. doses were preferable to these same amounts of codeine and as¬ 
pirin. The “preference” for a given analgesic was determined not only 
by the patient’s stated opinion but also by the observers’ estimation of 
the degree and duration of pain relief, and the presence or absence of 
side effects. 

The majority of patients at Memorial Hospital are admitted for sur¬ 
gery. Our aim, however, was to study analgesics in those in whom the 
relief of pain was the primary consideration, and since the majority of 
patients in our series had inoperable cancer, their admissions to the hos¬ 
pital were scattered over the period of study. This, plus the fact that all 
the trial drugs were not made available for use at the same time, inter¬ 
fered with attempts to compare these drugs with each other. The com¬ 
parisons that were made indicated that methadone was superior to the 
other three, but there were too few of these to be considered significant 
and, hence, these data are not presented in table form. 
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Table 9 

Incidence op Side Effects 
Metopon NU-896 NU-1196 

Dosage (mg.):-3^T12-18 7.5 15 20 30-40 

Fall in blood pressure 
Respiratory depression 
Dizziness 

Nausea or vomiting 

Diaphoresis 1 

Paraesthesias 

Sedation* 3 

Suppression cough* __ 

Total side effects 0 0 0 0 0 4 

Side effects excluding * 0 0 0 0 0 1 

Per cent side effects excluding * 0 0 0 0 0 10 

* Excluding sedation and cough suppression as undesirable side effects. 

Table 9 indicates the incidence of side effects of these drugs. No side 
effects were noted when Metopon or NU-896 was given. One patient 
who received 40-mg. doses of NU-1196 developed diaphoresis. Three 
patients receiving 30 to 40 mg. doses developed sedation to the point of 
hypnosis. One ambulatory patient receiving 5 mg. doses of methadone 
complained of dizziness and in two bed-ridden patients sedation was 
noted after 5 to 7.5 mg. doses. With doses of 10 to 20 mg., one ambula¬ 
tory patient developed dizziness and in two patients the drug had to be 
discontinued because of nausea and vomiting. In two patients, moderate 
sedation was noted and in two, definite suppression of the cough reflex. 
Only one patient exhibited a fall in blood pressure and depression of the 
respiratory rate. This patient, who was dying of widespread reticulum 
cell sarcoma, was receiving 20 mg. of methadone every two to three hours 
and as much as 120 mg. per day, developed marked sedation, suppres¬ 
sion of the cough reflex, a fall in blood pressure from 120-130/80 to 90- 
100/60-70, and a fall in respiratory rate from 24 to 12 per minute. No 
other toxic effects such as miosis, euphoria, skin rash, constipation, or 
changes in blood counts or blood chemistries which could be attributed 
to the drug were noted, although one patient received a total of 1195 
mg. of methadone over a period of 127 days. Thus, toxic effects were ob¬ 
served in no patients receiving Metopon or NU-896, in 10 per cent of 
those receiving NU-1196, and in 12 per cent of those receiving metha¬ 
done. It is interesting to note that none of the patients developed con¬ 
stipation while taking the trial analgesics. Two patients who had de¬ 
veloped annoying constipation while taking opiates noted a return of 
normal bowel habits when given methadone. 

Increased tolerance to an analgesic dose of NU-896 was striking and 
developed within two to three days in all the patients to whom this drug 
was given. The one patient who derived any pain relief from Metopon 
showed no increased tolerance but was observed for only two weeks. 


Methadone 

2.5-7.5 10-20 
1 
1 

1 1 
2 


2 2 

2 

3 9 

1 5 

2 10 
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Three patients who received NU-1196 for from two weeks to three 
months were noted to have attained an increased tolerance, developing 
within the first week. However, another patient received from 40 to 60 
mg. of NU-1196 by hypodermic injection daily for four months with¬ 
out showing an increased tolerance. Only two of the patients given meth¬ 
adone required increasing amounts of this drug for relief. 8 Six patients 
who received methadone for from eighteen to 127 days failed to display 
increased tolerance. Since none of these patients was ever without some 
analgesic drug, it is impossible to state whether or not withdrawal symp¬ 
toms might have developed. 

Summary and Conclusions 

(1) Four synthetic analgesics were given to sixty patients with persist¬ 

ent severe pain due to cancer and the efficacy of each preparation 
was estimated. 

(2) NU-896 did not produce satisfactory analgesia in any of the six pa¬ 

tients to whom it was given. 

(3) NU-1196 gave effective relief of pain in two of ten patients. 

(4) Metopon gave adequate relief to one of five patients. 

(5) Methadone produced satisfactory analgesia in thirty-three of fifty 

patients. 

(6) 10 milligrams of methadone appear almost as effective as 15 milli¬ 

grams of morphine. 

(7) 10 milligrams of methadone were almost uniformly preferable to 100 

milligrams of meperidine or to 65 milligrams of codeine. 

(8) No side effects were noted with NU-896 and Metopon. 

(9) Side effects were noted in 10 per cent of the patients receiving 

NU-1196 and in 12 per cent of those receiving methadone. 

(10) Increased tolerance occurred in all patients receiving NU-896, in 
three of four patients who received NU-1196 for more than two 
weeks, and in two of ten patients receiving methadone for more 
than two weeks. It was not noted in the single patient receiving 
Metopon for a period of two weeks. 
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AUREOMYCIN: A PRODUCT OF THE CONTINUING 
SEARCH FOR NEW ANTIBIOTICS 


By B. M. Dtjggae 

Lederle laboratories Division, American Cy aim mid Company. 

Pearl River, N. Y . 

T HE articles herewith presented discuss a new antibiotic from a new 
species of the Actinomycetes—these Actinomycetes constituting a 
group of fungi which might well be called ultra-molds. We are concerned 
with a species of the established genus Streptomyces, for which the name 
Streptomyces aureofaciens is being proposed. The significance of the 
specific name will soon be apparent. This is a soil organism which seems to 
have escaped previous publicity and domestication, as well as having 
evaded a pigeonhole in the accessions of mycological science. 

The antibiotic (aureomycin) from this species of mold will be evalu¬ 
ated. in preliminary measure at least, in relation to the role which, at this 
stage of the studies in progress, it may promise to play safely in the treat¬ 
ment of disease. Academically, the antibiotic itself and the organism pro¬ 
ducing it are of very considerable interest, whatever may be the score as 
affecting human health or animal production. But we measure our in¬ 
terest in it, at the present time, primarily by the qualities which it may 
display as a systemic and an effective chemotherapeutic agent. 

It was most fortunate that so soon as reasonable quantities of aureo¬ 
mycin became available and pharmacologically acceptable, it was pos¬ 
sible to obtain the cooperation of so many recognized leaders in the fields 
of experimental, clinical, and other aspects of medicine and medical work 
to give it immediate hospital trial, thus gaining the weight of their judg¬ 
ments as to its future possibilities. The authors, as well as the titles of 
their papers, suggest the wealth of skill and experience, the variety of 
diseases available, and the character of the facilities employed in the ob¬ 
servations and investigations which followed. 

My purpose is, first, to be introductory but brief; secondly, to say 
something of the characteristics of the source species and of its antibiosis 
in vitro, especially pointing out or emphasizing the range of disease- 
inducing or other organisms which, by growth-inhibition (for one cri¬ 
terion), have demonstrated susceptibility to aureomycin, and likewise to 
suggest certain groups of organisms which are more resistant. 

Before proceeding with a very few of the details referred to, permit me 
to make two acknowledgments. The first is this: In referring to any ex¬ 
perimental work with either the proposed S. aureofaciens, or with the 
product aureomycin, in this preliminary record, it should be clear with¬ 
out further emphasis that the direction of the work by the late Dr. 
SubbaRow and his sustained encouragement are gratefully acknowl- 

[1771 
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edged: likewise cordially acknowledged are the suggestions of co-workers, 
particularly the assistance of my associates, Misses Doris Dansby and 
Dorothy Evans. The second acknowledgment is of a different order. It 
is that I shall present today no history of antagonism, antibiosis, and 
aversion of micro-organisms nor any citation of important events char¬ 
acterizing either the present antibiotic period or the earlier ante-antibiotic 
period. It may be added that much has been said on antibiotic history in 
the Academy’s conference room, and the record is available in its Annals . 
Nevertheless, there are a few' general facts and figures which seem to re¬ 
quire rehearsal for better orientation. 

From digests and summaries appearing in 1946-47 it appears that, up 
to that time, there were recognized roughly 30-35 antibiotics, excellent 
or indifferent, having their origin in the metabolic products of the usual 
molds or filamentous fungi, and there w'ere about the same number of 
^uch agents attributable to the bacteria. In considerable part the tv’o 
groups of substances are unlike. Then there are the Actinomycetes, w’hich 
the rank and file of the mycologists treated with static contempt—and 
the bacteriologists in large part kicked around like the legendary “houn- 
dog." These last, the Actinomycetes, furnished, up to the time men¬ 
tioned, about a dozen antibiotics, and typically these present few T products 
resembling those of the bacteria. The total of these antibiotics or sub¬ 
stances listed as such v as then about 80. 

It is likely that the present total is now more nearly 100, the result of 
feverishly active surveys and researches during this post-war period. 
Perhaps half of the recent product “finds” have resulted from studies in 
the Basidiomycetes, commonly knowm as fleshy, bracket, or punk fungi. 
About as many additions come from the Actinomycetes and the bac¬ 
teria. Of this respectable galaxy, the industrial output of therapeutic 
agents is largely limited to penicillin and streptomycin, fumigacin and 
streptothricin among mold products being as it were tagged for further 
study as systemic agents. The status of the bacterial products is still 
largely uncertain partly because some are new' arrivals, although gramici¬ 
din, tyrothricin and bacitracin have, perhaps, an established but limited 
place. 

Few' persons, 1 think, W'ould wish to commit themselves very far on the 
outlook for the future. The guess might be ventured that the apparent 
failures to bring fonvard new’ antibiotics arising from filamentous molds 
may be less indicative than the silence seems to warrant. It may be that 
investigators have become sensitized to high potencies, as witnessed in 
the stepped-up yield of penicillin. It should not be overlooked that 
initially low potencies (relatively) have also characterized other products 
than penicillin. It may be guessed also that fame-seeking Actinomycetes 
are not in waiting around our doorsteps, and the cost of going after them 
and the disappointments to be achieved are some things to contemplate. 
Nevertheless, the promise, I would say, is more than adequate to justify 
continuance of the search. 
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Returning now to a limited characterization of the proposed Strepto- 
myces aureojaciens , a significant point is this: At a certain stage in the 
growth of the colony ot this fungus, or of a smear (an amalgamation of 
colonies), there is “typically” the production of a golden yellow’ pigment 
in the moist or hygrophorus substrate mycelium, hence the proposed 
specific name, aureojaciens , signifying a golden appearance. Moreover, 
the antibiotic is also faintly golden j’ellow, an added reason why this anti¬ 
biotic from S. aureojaciens is designated Aureomycin . 

Color production is commonly well developed in most strains of this 
organism isolated from the soil and grown on meat extract-asparagine- 
dextrose agar or on potato-dextrose agar, and on certain other media as 
well, notably on potato cylinders. Account is not taken here of certain 
‘Svashed-out” strains and mutants. Grown on agar, the substrate 
mycelium of young colonies is practically hyaline at first, commonly be¬ 
coming yellow’ in 2-3 days. The aerial or “dry” mycelium is white, that is, 
without color at first. Likewise, the first-formed spores are white, but 
the entire heavily sporing surface of a slanted agar culture gradually 
changes (in 5-7 days at 28° C.) through brownish gray to a dark, drab 
gray. At the same time most of the substrate mycelial color disappears. 
The reverse color of slants at its best is golden tan, later tawny. With 
continued incubation, or if refrigerated, the mycelial color is promptly 
dulled. Microscopically, the hyphae have the appearance of true fungous 
filaments, and the aerial ones break up into chains of spores in a manner 
characteristic of certain fungi.* 

There are several species of Streptomyces characterized by the produc¬ 
tion of yellow’ pigment in the mycelium or in the culture medium—the 
latter the so-called soluble pigments. With the cooperation of Mr. C. W. 
Hesseltine a careful comparison has been made with the original descrip¬ 
tion of each of these species and with living culture material so far as 
available. The follow’ing are included under the “yellow’” species of 
Streptomyces with w r hich comparisons have been made: S. flaveolus, S. 
califomicus , S. cellulosae , S. parvus, S. ftavochromogenes , S. antibioticus , 
S. aureus , flavus , S. citreus , S. fulvissimus , S. alboflavus , and others 
w’hich are omitted for various reasons. This study has involved, of course, 
detailed consideration of those reactions termed “cultural character¬ 
istics,” as also of certain special biochemical properties, all of winch will 
be presented in the form of a technical diagnosis in a paper now’ being 
held for publication, to follow’ the printing of this report. 

The present report w’ould be w’holly incomplete without an adequate 
statement of the in vitro antibiosis of this species. Besides many tests of 
all strains, a typical strain, A-377, has been tested, to show’ the sensitivity 
or resistance of each of more than 50 species of the usual or unusual assay 
organisms. The list of organisms tested includes pathogenic bacteria 
(human or animal), non-pathogenic bacteria, plant pathogens, and 

“Figures 1, 2» 3, and 18 display the development of S, aureofaeiens as far as it seems practicable to 
exhibit this aspect of its life history at the present time. 
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various filamentous fungi and yeasts The procedure used was not merely 
the usual form of spectral test, but rather placements (colomes) of the 
growing A-377 (or related strains*) were grown for approximately 75 
hours on agar plates appropnately flooded with the assay orgamsm 
somewhat as m the case of the cup technique The assay, however, in¬ 
volves the exposme of the flooding oiganism to the antibiotic dnectly as 
secreted by the growing colomes of S aureofaciens Just as a demonstra¬ 
tion of the procedure refer to figure 10, displaying S griseus colomes 
(or placements), tested agamst Trichophyton mentagrophytes as the 
flooding, or assay, organism This is used because the zones are much 
smaller than those of our A-377 and the differential aieas are defined 
more nearly m the center of the plate The diametei m mm of the zone 
of inhibition, under standard conditions, furnishes an approximate 
criterion of activity or potency of the antibiotic-furnishing stram, or con¬ 
versely an index of sensitiv lty of the assay species Eventually the activity 
of the strain may be compared w ith a standard As exhibited on the plate, 
activity is related to inherent potency and concentration of the antibiotic 
and its late of diffusion, as well as to other factors not here considered 
Twenty-two kodachiome slides were made displaying inhibition zone 
assays, a number of which show ‘ off-plate” or “practically off-plate” 
effects m relation to the assay orgamsm f Essentially all isolates, more 
or less directly from soil dilution cultures ga\ e off-plate often spectaculai 
values with the follow mg gram-positive bacteria Bacillus cereus, Bacillus 
subtihs Staphylococcus aureus, Streptococcus pyogenes, and Mycobacterium 
tuberculosis (607), and with the follow mg giam-negatne ones, Escherichia 
coh , Aerobacter aerogenes, Salmonella pullor um , Pioteus lulgai is, Klebsiella 
pneumoniae , Neisseria catarrhalts, and Eberthella typhosa High values 

*The induced mutant 4 377-899 w as furnished bv mv colleague Dr F 1 Backus 
fTheae are here represented by figlbes 4-12 and 14-24 


Figlbes 1-12 {see opposite paje) 

Fig i be 1 Development of colonies of Streptomyccs aureofaetens (4 377 j growing on meat extract 

dextrose asparagine agar 

Fiottbe 2 Agar slant culture of S aureofaetens ( 4 2020) spormg hea> llj 
Fiottbe 3 Close-up of colon} of S aureofaetens ( 4 2020) display mg particular!} the earl} development 

of white aerial h} phae 

Figube 4 Large inhibition tones in assay of zone % alues of S aureofaetens (isolate 4 271) against 

Staphylococcus aureus 

Floras 5 Overlapping and off-plate (designated OP values) * zones of S aureofaetens (isolate 4 377) 
against Staph aureus as ass&} organism 

Figube 6 Practical^ OP inhibition zones of Penic Ilium ehrysogenum (stram Q 176) agamst Staph 

aureus 

Floras 7 OP inhibition zones of S aureofaetens (isolate 4 232) agamst Mycobacterium tuberculosis 

(No 607) 

Floras 8 Partly overlapping inhibition zones of S aureofaetens t isolate 4 1684) an organism of char¬ 
acteristically weak potenev m this group of isolates agamst My cob tuberculosis (No 607) 
Floras 9 OP inhibition zones of 5 aureofaetens (4 877) assayed against the fungus Trichophyton 
mentagrophytes The scattered clumps are flakes of m}cehum of the assay organism introduced with the 
spores, no growth arising from the flakes in 48 hours 
Fxgibe 10 Inhibition zones produced b} 8 gnseus (stram 4 1) agamst Tnckopkyton mentagrophytes 
Fxgt.be U OP inhibition zones of S aureofaciens (induced mutant 4 377-899) agamst Salmonella 

pvllorum 

Floras 12 OP inhibition zones of 8 aureofaetens (induced mutant A 377-899) against the organism 
JPhytomonas tumefaciens , the causal bacterial agent of 'crown gall* 1 of plants 
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were also obtained against Shigella gallinarurn , Brucella abortus and other 
species. Relatively resistant were Pseudomonas aeruginosa and Serratia 
marcescensy while the majority of the fungi and yeasts are strongly 
resistant. The figures display differences and relations not mentioned in 
the text. The photographic work on the original slides was done by Mr. 
L. H. McWilliam. The paintings, from which four of the slides were 
prepared, were the work of Mr. A. A. Jansson. 

The culture of S'reptomyces aureofadens in shaken flasks and tanks has 
been satisfactory. The highly purified, crystalline product has been tested 
in broth at a favorable pH against a variety of organisms in order to 
determine more nearly absolute effects. These values confirm in con¬ 
siderable measure the expectations formulated as a result of the plate- 
zone tests, but they will not be presented here in view of the probability 
that other papers today will cover this aspect of the work. Tests made at 
a pH much above pH 7 have little point, since loss of the product by 
precipitation introduces one type of error, or, if the period of observation 
is shortened, the extent of growth, if any, is limited and the turbidimetric 
assay rendered uncertain. 

Now, when all this demonstration of conspicuous activity has been 
displayed by plate zones and other types of assay, one is certain that there 
is a potent antibiotic present. It is in this sense only, at that stage, a 
desirable antibiotic. It must be demonstrated that the organism will give 
fair to high potencies when cultured in suitable liquid media, and the 
product obtained must assay accordingly when tested against some of 
the same microorganisms. The problems of isolation, purification, and 
crystallization of the antibiotic are at hand. Finally, there are the various 
types of in vivo activity, of stability, pharmacological suitability, and of 
efficiency for particular infections. These all will be treated in the follow¬ 
ing papers. 


Figures 13-24 {see opposite page) 

It is to be noted that there are three values in the intensity of the tones used in .figures 13-24, and 
the following explanation applies in all cases: (a) the dark tone (ink stipple) represents the fungus tested 
for antibiotic activity, that is, the "placement” organism present in each of tne eleven figures indicated 
above; (b) the medium dark "wash represents the assay or flooding organism, always present when the 
assay organism displays growth; and (c) the light wash indicates inhibition of growth of the assay or¬ 
ganism, inhibition zones, and these latter may overlap and thus eliminate any growth of the assay species 
on the plate. 

Figure 13. Aerial hyphae of Streptomyces aureofadens (A-S77) at the time of spore differentiation. 
Figure 14. Off-plate (OP) values of inhibition zones of S. aureofadens (A 377-899) against Bacillus 

cereus. 

Figure 15 r Inhibition zones of S. griseus against Staph, aureus . 

Figure 16. OP inhibition of S. aureofadens against Mycobacterium tuberculosis (No. 667), 
Figure 17. No zones of inhibition produced by PenidUium ckrysogenum (Q 176) against My cob* 

tuberculosis (No. 607). 

Figure IS. Practically OP values of IS. aureofadens against CoccobaciUus sp„ an assay species strongly 

resistant to streptomycin. 

Figure ,19. OP inhibition of IS. aureofadens (A 377-899) against Escherichia coli. 

Figure 20. Essentially no inhibition produced by S. aureofadens against P. ckrysogenum (Q 176), 
Figure 21. No zones of inhibition in the test of & aureofadens (A 377-899) against Aspergillus niger . 
Figure 22. Small zones of inhibition produ«d^by^P. ckrysogenum (Q 176) against 8 . aureqfaciens 

Figure £3. Practically OP values of S. aureofadens (A 377-899) against S. griseus (A 1). ' 
Figure 24. Zones of inhibition produced by S. griseus against S. aureqfacions (A 377-899). - 




THE PHARMACOLOGY OF DUOMYCIN 

By B. K. Harked, Raymond W. Cunningham, Mary C. Clark, 
Rachel Cosgrove, Carolyn H. Hine, Wm. J. McCauley, 
Edgar Stokey, R. E. Vessey, X. X. Yuda, and Y. SubbaRow 

Lederle Laboratories Division, American Cyanarmd Company 
Pearl River, X. Y. 

D UOMYCIN,* aureomycin A-377, is a yellow crystalline antibiotic 
obtained from the recently characterized mold Streptomyces aureo - 
faciens. 1 Its potency is unusual both in degree and range in that it is 
effective against numerous gram negative and gram positive organisms 
as well as against some rickettsial and viral infections. This activity, 
coupled with a low' toxicity, indicates that it is a potentially valuable 
chemotherapeutic agent worthy of extensive pharmacological analysis. 

Animals and Methods 

The acute toxicity of single doses has been studied in mice, rats, 
guinea pigs, rabbits, cats and dogs. The mortality count w r as made 72 
hours after the dose was administered. The subacute toxicity from 
multiple doses has been studied in mice and dogs and the chronic 
toxicity in mice, rats, dogs and chickens. Including the pharmacodynamic 
studies, the problem has required 46 dogs, 24 cats, 36 rabbits, 109 guinea 
pigs. 559 rats, 760 mice and 18 chickens. 

Electrocardiographic studies were made with a Cardiotron on anesthe¬ 
tized and unanesthetized dogs. Blood pressures w T ere recorded in un¬ 
anesthetized dogs by femoral arterial puncture and in anesthetized 
animals by cannulation of the carotid artery. Hemoglobin w r as deter¬ 
mined as cyanmethemoglobin. The Wendel procedure 2 w r as used in the 
examination for methemoglobin. Clotting time w’as determined by the 
capillary tube method. Blood sugar w’as determined by the Shaffer- 
Somogyi method. 3 The Lipschitz assay 4 was used to evaluate diuretic 
activity. 

Esbach’s reagent w'as used in the tests for albuminuria. The filtered 
urines were treated in calibrated 15 cc. centrifuge tubes with the picric 
acid reagent, centrifuged, and compared with standardized serum 
albumin solutions treated similarly. 

Phenolsulfonphthalein was used in the renal function tests in dogs. 
The routine was as follows: (a) Food was withheld from these animals for 
24 hours; (b) fifteen cc. of water per kilogram of body weight was ad¬ 
ministered orally and, thirty minutes later, the bladder was drained and 
washed with 0.9 per cent sodium chloride; (c) the mono-sodium salt of 
phenolsulfonphthalein w r as injected intravenously in a dose of 0.4 mg. 


* Trade mark 
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per kg.; (d) at one hour and at two hours, the dogs were catheterized 
and the bladders washed with 0.9 per cent sodium chloride; (e) the 
specimens were alkalinized and the amount of dye determined with a 
photoelectric colorimeter (filter No. 540). Normal dogs excreted from 60 
to 85 per cent during the first hour. 

Liver function was estimated by injecting intravenously 5 mg. per kg. 
of bromsulphalein. Blood was drawn at 5 and 30 minutes subsequent to 
the dose and the amount of the dye retained in the serum was estimated 
with a photoelectric colorimeter (filter No. 560). Normal retention at 
thirty minutes was from 0 to 15 per cent. 

Tests for histaminic action were made on isolated guinea pig gut and 
also by following the changes in blood pressure in anesthetized cats. 
Antihistaminic action was tested on the isolated guinea pig gut and on 
guinea pigs in a spray chamber. 

Tests for antipyretic action were made by following the rectal tem¬ 
peratures of rabbits injected intravenously with 0.25 cc. per kg. of 
typhoid vaccine, and of rats injected subcutaneously with 10 cc. per kg. 
of a 15 per cent suspension of yeast. 5 

Tests for irritation were made by the intracutaneous injection into the 
guinea pig skin and by local application to the conjunctival sac of the 
rabbit eye. In the eye, three or six drops at five minute intervals were 
used. Blood, urine and cerebrospinal fluid levels of duomyein were 
estimated biologically against Bacillus subtilis using a four hour period. 6 

Duomyein is soluble in acid and in alkaline solutions, but is almost in¬ 
soluble at pH 7. Four per cent solutions may be easily prepared as the 
hydrochloride pH 2.5 or as a sodium salt in a carbonate buffer pH 8.5. 
At pH 2.5, the salt is stable but at pH 8.5,25° C., it loses 12 per cent of its 
activity in 30 minutes, 20 per cent in 1 hour, and 40 per cent in 2 hours. 
Duomyein was administered parenterally usually as a 1 or 2 per cent 
solution pH 2.5 or pH 8.5. The hydrochloride was always used for the 
oral doses unless a different form was specified. 

Acute Toxicity 

Single Doses , Unanesthetized Animals . Orally, the toxicity is of a low 
order. Mice tolerated 1500 mg. per kg. and rats, 3000 mg. per kg. At 
2500 mg. per kg., the mouse-mortality was 5 per cent (table 1). No at¬ 
tempt was made to determine the maximal tolerated dose in larger 
animals. Intravenously, the L.D.so for the hydrochloride was 134 mg. per 
kg. for mice and 118 mg. per kg. for rats (figure 1). The alkaline form 
appeared to be a little more toxic in mice but less toxic in rats (table 1). 
These differences, however, are not significant. Three unanesthetized 
dogs readily tolerated intravenously, doses of 50 mg. per kg., pH 2.5,* 
given at a rate of 10 mg. per kg. per minute. Some days later, this dose in 

* Doses larger than 80 mg. per kg. of duomyein hydrochloride pH 2.5 produce hemoglobinuria. An 
equivalent quantity of hydrochloric acid will produce the same result. Hemoglobinuria has never been 
observed after the injection of duomyein pH 8 5, even with dose' of 100 mg. per kg. 



Table 1 Acute Toxicity op Duomycin 
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l*i(xi ee 1 . Acute intravenous toxicity of duomy cm—pH 2.5. The experimental results were plotted on 
log probability paper and straight lines were fitted by eye. The 19 '20 fiducial limits were estimated by a 
modification of the method of Litchfield and Fertig • The modification allowed for the fact that the 
population wa s not hom ogeneous in all ca&es and consisted of correcting the estimated values by multi¬ 
plying by \ tin - «), as described by VWlcoxon & McCallan 10 The range of weights in grams was* 
mice 14-25, rati 1WW-315 Injection rates m mgm hgm min. were* mice 250-500; rats 30-40. 


carbonate buffer. pH 8.5, was given to two of these dogs. No serious 
symptoms were observed. Two other dogs were given intravenously, 
three 20 mg. per kg. doses, and orally two 50 mg. per kg. doses in 24 
hours. One dog vomited an oral dose but it was repeated later and re¬ 
tained. No other unfavorable symptoms were observed. 

Three cats easily tolerated 50 mg. per kg., pH 8.5, injected intrave¬ 
nously at a rate of 50 mg. per kg. per minute. One cat vomited but other 
unfavorable reactions were not observed. Three rabbits and three g uinea 
pigs were given intravenously 50 mg. per kg., pH 8.5, at a rate of 10-15 
mg. per kg. per minute. There were no objectionable symptoms. 

Subcutaneous, intramuscular and intraperitoneal doses at pH 2.5, 7.0 
and 8.5 are irritating, and this factor plus the low solubility at the pH of 
the tissues renders the validity of toxicity data thus obtained open to 
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question. Alice and guinea pigs tolerated subcutaneous doses of 300 mg. 
per kg. (table 1). Rats and mice tolerated 200 mg. per kg. intraperi- 
foneally but this dose killed fifty per cent of the guinea pigs. 

Tests for methemoglobin in mice, rats, guinea pigs, rabbits, cats and 
dogs were negative 

Subacute Toxicity 

Multiple Intravenous Doses to U nanc.sthetized Dogs. Over a period of eight 
days, six dogs were each given 270 mg. per kg. intravenous^. All injec¬ 
tions were made into the saphenous veins. Toward the end of the period, 
there was a definite amount of swelling near the sites of the injection, 
probably due to small amounts of the compound which entered the tis¬ 
sues around the veins. The dogs were lame and it is believed that the 
physical discomfort caused a loss of appetite which led to a decrease in 
weight (table 1-A). It is interesting to note that one month after the ad¬ 
ministration of the compound, the weights of the dogs were equivalent to, 
or in excess of their predosing level. Their condition was excellent and 
although no biopsies were made the injected veins appeared normal. 

Electrocardiograms were made before the drug and on the fourth day 
of the injections. No changes were noted. The data recorded in table 1-A 
show that there were no changes in the complete blood counts, clotting 
time, liver function or kidney tunction. 

Multiple Intramuscular Injections. Five guinea pigs were given 40 mg. 
per kg., pH 8.5 two times per day for four consecutive days and again 
on the sixth day. A second group of five was given half as much on the 
same schedule. There were no changes in hemoglobin or the total number 
of red blood cells in either group. Alice treated similarly had nine per 
cent reduction in hemoglobin and in red cells. Differences between the 
two doses were not sign ficant. One mouse in each group, and one guinea 
pig on the 40 mg. schedule died. 

Two dogs, Xo. 541 and Xo. 547, six months of age, were given eight 20 
mg. per kg. doses of duomycin, pH 8.5 during a five day period. Dog 
541 showed no change in weight, hemoglobin or red blood cells. Dog 547 
lost ten per cent of his weight, thirteen per cent of his hemoglobin and 
twenty-one per cent of his red blood cells. Xeither dog showed a change 
in the bromsulphalein test for liver function. 

In all of the animals tested, intramuscular doses were irritating and 
produced an edema and tenderness in the injected area. 

Chronic Toxicity of Oral Doses 

Mice . Two groups of mice were given oral doses of duomycin pH 2.5. 
One group received 40 mg. per kg. and the other 100 mg. per kg. daily. 
At the end of the fourth week, the dose of the latter group was increased 
to 100 mg. per kg, two times a day. The growth curves for a twelve week 
period were the same for the treated groups as for the control group 
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WEEKS 


tiGtRL 2. Growth cur\ea on ducimjcm—male mice After four weeks the dose of the group on lllft 
mpm kgm wa« increased to 200 mgm hgm 
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control 

20 

17 



40 mgm hgm 

20 

16 



20(1 mgm hgm 

20 

13 




Table 2 



Effects of 

Multiple DobEb 

of Duomycin 

on the Hematology of 


Rats kND Mice 






Total blood cell count 




Red blood 

White blood 



Hemoglobin 

cells 

cells 


Oral dost 


During final 

During final 



During final 

week on 

ioeek on 


Dura- 

week on 

duomycin 

duomycin 

A umbtr Per day* tion ** 

duomycin 

( millions per 

( thousands pet 

Animal counted 

\mg. kg.\ [weeks) 

(i gms . '100 cc.) 

ru. mm.) 

ru. mm.) % 

Rat 8 

200+ 14 

14.7 

8.21 

17.3 

Rat 8 

40 14 

14.6 

9.26 

17.04 

Rat 8 

10 14 

14.6 

9.02 

19.5 

Rat 8 

0 14 

14.3 

8.39 

21.4 

Mouse 10 

200+ 14 

14.4 

11.42 

15.0 

Mouse 10 

40 14 

12.9 

10.04 

13.5 

Mouse 10 

0 14 

13.4 

9.51 

18.1 


* The daily dose was dUided into two equal portions and administered in the morning and afternoon 
** Animals were dosed 5 days j>er week, 
t For the first 17 doses the daily dose was 100 mg.'kg. 


(figure 2). There were no unfavorable effects upon general appearance, 
the hemoglobin or the total blood cell counts (table 2). 

Rats. The data on rats are similar to those obtained on mice. The doses 
for the rat groups were identical with those used for mice except that an 
additional group was placed on 10 mg. per kg. per day (figure 3). The 
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Fxolrb a. Growth curv e*» on duomycin—male rats. After four w eeks the dose of the group on 100 mgm, 
kgm was increased to 200 mgm 'kgm. 


Number of rat# 

Stnrt 

End 

control 

20 

18 

10 mgm/kgm 

20 

18 

40 mgm /kgm 

20 

20 

200 mgm/kgm 

20 

19 


control group and the dosed groups grew at the same rate. The groups 
were indistinguishable and there was no effect upon the hemoglobin or 
blood cells (table 2). At the end of the period, the blood pressure of 
these animals was tested by Mr. Ablondi with the method and apparatus 
recently developed in his laboratory. 7 There was no significant difference 
between the mean pressures of the groups. The blood sugars of the dosed 
and control groups were the same. 

Pathologist’s Report * Five mice from the control group, 10 from the 40 
mg. per kg. group and 10 from the 100-200 mg. per kg. group were 
sacrificed. Similar numbers from the four groups of rats were also sacri- 

* The pathological examination* were made by E. Woll, M. D 
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ficed. “No morphological changes attributable to duomycin were seen 
on gross or microscopic examination. In the mice and rats, there was 
some low-grade bronchitis. However, the incidence of spontaneous pul¬ 
monary pathology so common in this species was decidedly less in the 
treated groups.” 

Dogs. Ten dogs were given daily doses of 100 mg. per kg. orally in cap¬ 
sules for periods of 9 to 15 weeks. The essential data shown in tables 3 
and 4 demonstrate that duomycin did not change the bromsulphalein 
test for liver function, the P.S.P. test for kidney function, the hematology 
or the clotting time. Seven of the nine dogs showed no albuminuria. Of 
the others, one had 0.025 per cent albumin and one less than 0.025 per 
cent. Through error, no test was made on dog No. 500. Tests for albumi¬ 
nuria were not made prior to dosing, hence it is not known if the traces 
found in the two dogs were present before duomycin. Blood pressures 
taken during the final weeks on duomycin were within the normal range. 
At the end of the experimental period these animals were in excellent 
condition. 

Pathologist's Report* Dogs 587, 136, 523, 548, 589, and 491 were 
sacrificed and studied. Intestinal parasites were found in 589, 548, and 
523. Heart worms were found in 136, nephrosclerosis in 587 and 136 and 
simple ovarian cysts in 587. The pathologist concluded “Duomycin ad¬ 
ministered orally in the above schedule did not produce any detectable 
gross or microscopic changes.” 

Chicks. Robbins’ observation 5 that 2,4-dinitrophenol produced cataracts 
in the eyes of chicks prompted us to subject duomycin to similar test. 
Eighteen seven-day-old chicks were divided into groups of sue and given 
the following compounds in the chick feed: Duomycin hydrochloride, 
0.25 per cent; 2,4-dinitrophenol, 0.25 per cent. Plain chick feed was 
given to the controls. The chicks on 2,4-dinitrophenol developed cataracts 
overnight. The chicks on duomycin showed no lenticular changes after 
seven days of dosing. No chick in this group died. Two were lost from 
the control group. It is interesting to note that, although the average 
weight of the chicks in the two groups was the same at the start, at the 
end the birds on duomycin had an average weight of 99 grams as com¬ 
pared with 81 grams for the controls. Furthermore, the dosed chicks ap¬ 
peared to be more healthy than the controls and after 6 weeks this 
superiority was maintained. Apparently, the duomycin had eliminated 
some infection. 

Tests for Pharmacological Activity 

Blood Pressure. Dogs. The data in table 5 and figures 4, 5 and 6 
show the effects on the blood pressure of small and large doses at pH 2.5 
mid 8.5 given to etherized and nembutalized dogs at different rates of 
injection. Figure 4 records an observation duplicated many times. 
Under the same conditions, the rapid injection of duomycin hydrochlo- 

* The pathological examinations were made by E. Woll, M. D. 
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FiarBE 4. A comparison of the effects of an initial injection of duomyein hydrochloride pH S.5 with an initial injection of hydrochloric acid equivalent in total 
acidity and volume. These arc compared with the action of duomyein iu a sodium carbonate buffer pH 8.5. All injections were intravenous. 
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DOG 644 
NEMBUTAL 
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Figure 5. The effect of duomycin hydrochloride given intravenously at a rate of 10 m?m/kgm/min. 
The resjjonse to histamine diphosphate i.Oy/kgm (H); stimulation of the right vagus (KVS); and to 
epinephrine i.Oy/kfrm (E) indicate that the vasomotor responses were normal. 

ride at pH 2.5 produced a fall in blood pressure which is almost identical 
with that produced by an injection of hydrochloric acid equivalent in 
normality and total volume. In this figure, different dogs were used to per¬ 
mit comparison of initial doses. The results on dog 607 demonstrate also 
that the same dose and rate of injection of the alkaline duomycin affects 
the blood pressure less than the acid form. 

The influence of the rate of injection may be seen by a comparison of 
the results shown in figures 4 and 5. In dog 607 (figure 4), the rate of 
injection was 30 mg. per kg. per minute and the blood pressure fell 31 
mm. of mercury. In figure 5, dog 644, the rate was 10 mg. per kg. per 
minute and no fall occurred even though the total dose was five times as 
great. In figure 6, the rate of administration was 20 mg. per kg. per 
minute of the alkaline duomycin and the first injection produced a fall 
of 20 mm. of mercury, but the second injection of the same dose at the 
same rate produced no change in the blood pressure. The vasodepressor 
t ction of this rate appeared to be borderline. 

The total dose tolerated in a relatively short period is high. Dog No. 
611, table 5, was given 100 mg. per kg., pH 8.5 in 140 minutes. After 
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DOG No. 615 ETHERIZED 


BLOOD PRESSURE 
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Figure 6. The effect on the blood pressure of the intravenous injection of duomycin pH 8.3I at the rate of 40 mgm/kgm 
min. The vasodepressor action of this rate appears to De border line. Duomycin did not modify the vasomotor responses 
of: epinephrine, 4.0v kgm (El- acetylcholine chloride, O.-h/kgm (A); histamine diphosphate. 4.0*> 'kgm {BD; stimulation 
of the right vagus ' v >. See also t\ble 0. 

the last injection, the blood pressure was 128 mm. of mercury, 8 mm. 
above the control value. Dog 608 was given 140 mg. per kg., pH 2.5, in 
215 minutes. The blood pressure before duomycin was 160 mm. of mer¬ 
cury and after the last dose it was 134. In dog 607, the first injection of 
duomycin pH 2.5 raised the blood pressure from 106 to 132. After eight 
more injections of 10 mg. per kg. each during a period of 110 minutes, 
the pressure was 156 mm. of mercury. Dog No. 665 anesthetized with 
nembutal was injected intravenously with the alkaline duomycin pH 8.5 
at a rate of 6.25 mg. per kg. per minute. During a period of forty minutes, 
a total dose of 250 mg. per kg. was given. The control blood pressure of 
143 mm. of mercury remained essentially unchanged and at the end of 
the injection the pressure was 146. 

In 4 unanesthetized dogs, the intravenous injection of 20 mg. per kg. in 
thirty seconds produced no important changes in the blood pressure 
(figure 9). The dog with the greatest change was a poorly trained animal 
with an initial blood pressure of 140, a pressure just before the injection of 
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MEAN BLOOD PRESSURE 



TIME IN MINUTES 

Fir.' be ». Duomv in pH 8 5, 20 mgm 'kpm intru^e-munly (unanasthetiysd do^s). 


with ether, nembutal or dial and the doses of duomvcin ranged from 20 
to 100 mg. per kg. 

Electrocardiograms. These studies made on nine unanesthetized and 
anesthetized dogs indicate that duomycin injected at a rate of 5 to 10 
mg. per kg. per minute has essentially no effect upon the heart in doses 
up to 50 mg. per kg. The effect of doses between 50 and 100 mg. per 
kg. are minor and temporary and are probably more closely related 
to the quantity of acid or alkali than to the duomycin. 

Respiration. The effects of duomycin upon respiration were studied in 
unanesthetized dogs, cats and rabbits, and in dogs and cats anesthetized 
with ether, nembutal or dial-urethane. Changes were unimportant and 
the effects observed could not be dissociated from those produced by an 
equivalent injection of acid or base. The massive doses recorded for 
anesthetized dogs and cats in tables 5 and 6 were never accompanied 
by respiratory depression. 

Kidney . Duomycin hydrochloride has a mild diuretic action when as- 
siyed by the Lipschitz rat method. 4 When urea is assigned the ^alue cf 
1.0, the activity of duomycin is 12.6. By the same assay, the diuretic 
potency of caffeine is 32 and that of theobromine 115. Tests for al¬ 
buminuria were made on 176 rats used for the d’uretic assay. Rats 
normally show a trace of albumin, less than 0.025 per cent, but this was 
not increased although the oral doses of duomycin hydrochloride were 
50, 100, 200 and 400 mg. per kg. (table 8). 

In table 7, the results from some intravenous doses in dogs and rabbits 
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Table 8 


Te$t& for Albuminuria, in Rats Dosed Orally with Duomycin 


Animal 

Xo. of 
gioups 

Xo. of Dose of duomycin 

rats --*-. 

(per group) (mgJkg.) (pH) 

Collection 

period 

(hours) 

Albuminuria 
(per cent) 

Rats 

12 

8 

0 

— 

0-5 

Trace * <0.025) 

Rats 

2 

8 

50 

2 5 

0-5 

Tiace t <0.025) 

Rats 

4 

8 

100 

2.5 

0-5 

Trace (<0.025) 

Rats 

3 

8 

200 

2.5 

0-5 

Trace i <0.025) 

Rats 

1 

8 

400 

2.5 

0-5 

Trace (<0.025) 

have been 

recorded. Following doses of 50 

to 100 mg. 

per kg. of duo- 


mycin, traces of albumin appeared temporarily in the urine of the dogs. 
Of the two rabbits given 50 mg. per kg., one showed a trace of albumin, 
less than 0.025, while the urine from the other was negative. 

Urinary Excretion of Duomycin. One hour after the oral administration 
of duomycin hydrochloride to rats, the urine contained measurable 
quantities, even after doses as low as 5 mg. per kg. In figure 10, it may 
be seen that the rate of excretion is relatively constant for at least six 
hours. Although the experiments were usually terminated in this period, 




TUBE DILUTION ASSAY 

TURBIDIMETRIC ASSAY 

DOSE-MGM/KGM. 

0 

5 

10 

SO 

O 

5 

10 

20 

NO OF EXPERIMENTS 
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3 

4 

4 

2 

2 


Figure 10. Urinary excretion of duomycin (rats) Solid lines represent turbidimetric assay; the broken 
lines the tube dilution assay. Each experiment represents the urine from a group of four rats. 
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Table 9 

Dro\nn\- Te&i^ jor Irritation in the Rabbit*& Eyl 

Observations 


Time in hours subsequent to final drop 


Rabbit 

A'o. 

Duomycin pnpamtion 

pH 

1 hour 

24 hours 

48 hours 

1 

14* 

2 

15 * 

0.5% in 0.9% XaOlt 
0.5% in 0.9% XaOlt 
0.5% in 0.9% XaOlt 
0.5% m 0.9% XaOlt 

2.9 

mild irritation** 
mild irritation** 
mild irritation** 
mild irritation** 

no irritation 
no irritation 
no irritation 
no irritation 

no irritation 
no irritation 
no irritation 
no irritation 

3 

16* 

5 

17* 

0.5% in dist. H 2 O 
0.5% in dist. HjO 
0.5% in dist. H 2 O 
0.5% in di<5t. H 2 O 

2.7 

irritation 
mild irritation 
mild irritation 
mild irritation 

mild irritation 
mild irritation 
mild irritation 
mild irritation 

no irritation 
no irritation 
no irritation 
no irritation 

4 

6 

11 

0.9% XaCl 

0.9% XaCl 

0.9% XaCl 

6.S 

no irritation 
no irritation 
no irritation 

no irritation 
no irritation 
no irritation 

no irritation 
no irritation 
no irritation 

7 

1.0% in 0.9% XaCl 

2.9 

mild irritation 

no irritation 

no irritation 

9 

1.0% in 0.9% XaCl 


mild irritation 

mild irritation 

no irritation 

8 

1.0% in dist. H 2 0 

2.5 

mild irritation 

mild irritation 

— 

IS* 

1.0% in dist. H 2 0 


irritation 

mild irritation 

— 

10 

1.0% in dist. H 2 0 


mild irritation 

mild irritation 

— 

19* 

1.0% in dist. H s O 


irritation 

mild irritation 

— 

12 

0.25% in 0.9% XaCl 

2.9 

mild irritation 

no irritation 

— 

13 

0.25% in dist. H 2 0 

2.8 

no irritation 

no irritation 

— 

20* 

0.02X HOI 

1.7 

mild irritation 

no irritation 

_ 

21* 

0.02X HOI 


mild irritation 

no irritation 

— 


Method used One drop of the preparation was added to the left e>e at five minute intervals until eight 
drops had been jp\ en. 

* One drop of the preparation was» added to the right eye at five minute intervals until three drops had 
been/nen. 

•* Mild irritation was manifested in temporary reddening of the conjunctiva, 
t The borate complex appeared to be less irritating than the hydrochloride 

one experiment showed that significant amounts were excreted between 
the tenth and twelfth hour. The collection-vessels were kept in iced 
water to limit the decomposition of the drug. During the first six hours, 
3.8 per cent of the administered dose of 5 mg. per kg. was excreted. At 
doses of 10 and 20 mg. per kg., two per cent of the dose was excreted 
in 6 hours. 

After intravenous injections, the excretion in dogs is rapid for the first 
two hours, somewhat slower between the second and fourth hours, and 
low between the fourth and sixth hours (figure 11). This figure shows a 
similar quantitative excretion after the injection of duomycin either pH 
2.5 or 8.5. 

Blood Sugar. Food was withdrawn from rats 16 hours before they were 
given 150 mg. per kg. of duomycin hydrochloride orally. Bloods were 
taken at 1.5,3, and 5 hours after dosing and blood sugar determinations 
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11. A comparison of the excretion of duomjein injected intia\enough as the hydrochloride pH 
■i.3 and in a sodium carbonate buffer pH S.5. 1 wo do^s were injected with each solution. 


were made on zinc hydroxide filtrate by the Shaffer-Somogyi method/’ 
The average fasting blood sugar was 71 mg. per cent and there was no 
significant deviation from this value during the period of the test. Blood 
sugar determinations made on the dogs and rats used in the chronic 
dosing experiments were also normal. 

Antihistaminic Action . Ten guinea pigs given intravenously 25 mg. per 
kg. 30 minutes before testing showed neither protection nor potent ation 
of the effects of the standard histamine spray. 

Action on Isolated Tissues . Duomycin had essentially no effect on the 
isolated gut from the guinea pig or rabbit. Tests for activity on the 
isolated uterus from these species were also negative. 

Antipyretic Action . No evidence of antipyretic activity was observed 
in fevered rabbits and rats. Figure 8 is a composite of four experiments 
made on different days. The conclusion from each individual experiment 
was the same. 

Irritation . Duomycin pH 2.5, 7, or 8.5 is irritating when injected intra- 
peritoneally, intramuscularly, subcutaneously, or intracutaneously. In 
the rabbit eye, a 0,5 per cent solution of duomycin hydrochloride in 0.9 
per cent saline is mildly irritating for a short time subsequent to the 
administration, but 24 hours later no evidence of irritation can be de¬ 
tected. The results are shown in table 9. The mildness of the irritation 
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12. Antipyretic action of duomycin m rabbits and rats. 

Fever w as produced in rabbits b,\ the intravenous injection of 0.25 cr. per kg. of combined typhoid 
vaccine. Two to two and one half Hours were allowed for the development of the fever before the te«t- 
compounds were administered. At the time indicated by the arrows, duomycin pH 8.5 was injected intra¬ 
venously in a dose of 25 mg. per kg; or aminop.vrine, 50 mg. per kg., was given subcutaneously. Controls 
were given intravenously a solution of sodium carbonate-bicarbonate butter equivalent in ratio, molaritj 
and volume to the duomycin pH 8.5 Additional controls received no drug. The range of weight for 
the rabbits was 1.5 to S : 0 kg. 

Eats were made febrile bj the subcutaneous injection of 10 cc. per kg. of a 15 per cent suspension of 
dried yeast. 4 One group received orall,v 100 mg a . per kg. of duomycin hydrochloride, a second group 
by the same route received 100 mg. per kg. of aminopyrine and the controls received a solution of hydro¬ 
chloric acid equivalent in normality and total volume to the duomycin. The weights of the rats ranged 
from 200 to 500 grams. 
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apparently depends upon the fact that the pH and volume of the secre¬ 
tion prevent a prolonged contact. 

Levels in Blood and Cerebrospinal Fluid. This study was confined to a 
convincing demonstration that duomycin passed the blood-brain barrier 
into the cerebrospinal fluid in therapeutically effective doses. No quanti¬ 
tative relationships between blood levels and cerebrospinal fluid levels 
were attempted. Dogs 468 and 200 were given 20 mg. per kg. intra¬ 
venously at 8:40 A.M., 10:40 and 12:40 P.M. At 2:20 P.M., the arterial 
blood contained 40 gammas per cc. of serum, and at 2.30, the cerebro¬ 
spinal fluid contained 0.8 gamma per cc. The results of tests on three 
other animals, dogs 273, 135 and 268, on the same schedule gave similar 
values. The cerebrospinal fluid from untreated dogs shows a titer less than 
0.05 gamma per cc. Three undosed dogs were used. 

Effect on Central Nervous System. In no animal was any effect on the 
central nervous system observed which could be attributed to duomycin 
as distinct from the acid or alkali administered with it. Doses of 50 mg. 
per kg. given intravenously at a rate of 10 mg. per kg. per minute to 
guinea pigs, rats, rabbits and dogs and at a rate of 150 mg. per kg. per 
minute to mice were tolerated with essentially no symptoms. Latent 
anticonvulsant or convulsant action was tested by determining the 
effect of 50 mg. per kg. intravenously in mice on the mortality produced 
by 100 mg. per kg. subcutaneously of metrazol. Of the 64 mice on metrazol 
alone, all convulsed and 44 per cent died. Of the 60 mice on metrazol, 
followed in 3 minutes by duomycin, all convulsed and 58 per cent died. 
This difference is not significant. 

Summary and Conclusions 

1. Duomycin, also known as aureomycin and as A-377, has a low 
toxicity and almost no side reactions. 

2. Orally, mice tolerated 1500 mg. per kg. and rats 3000 mg. per kg. 

3. The intravenous L.D.so for duomycin hydrochloride in mice was 
134 mg. per kg., and for rats. 118. The alkaline form, pH 8.5, showed a 
toxicity of the same order. 

4. Dogs, cats, rabbits, guinea pigs and mice tolerated without symp¬ 
toms intravenous doses of 50 mg. per kg. pH 8.5 given at a rate o' 10-20 
mg. per kg. per minute. There was no evidence of methemoglobin 
formation. 

5. Multiple intravenous doses of 20 mg. pei; kg. given to dogs two 
times per day for 6 days produced no unfavorable results except irritation 
of perivascular tissues at the site of injection. 

6. Subcutaneous and intramuscular injections were irritating but 0.5 
per cent solutions in 0.9 per cent saline produced only mild irritation in 
the conjunctival sacs of rabbits. 

7. Mice, rats and dogs given 100 to 200 mg. per kg. per day orally for 
twelve weeks showed no evidence of chronic toxicity. The criteria w T ere 
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growth, general appearance, hematology, clotting time, liver function, 
blood sugar, blood pressure and kidney function. 

8. Duomycin pH 8,5 given to dogs intravenously at a rate of 10 mg. 
per kg. per minute produced essentially no changes in blood pressure or 
respiration. The hydrochloride, pH 2.5, was tolerated almost as well. 
There was one important difference. Doses of 30 to 40 mg. per kg. of the 
hydrochloride or an equivalent quantity of hydrochloric acid produced 
hemoglobinuria. This reaction was never observed with duomycin pH 
8.5 even at 100 mg. per kg. Cats tolerated intravenous doses of the same 
order as those given to dogs. 

9. Duomycin did not modify the vasomotor action of epinephrine, 
acetylcholine, or histamine; or the effect of vagal stimulation upon the 
heart. 

10. Doses of 5 to 50 mg. per kg. of duomycin pH 8.5, given intra¬ 
venously at the rate of 5 to 10 mg. per kg. per minute, did not modify ap¬ 
preciably the electrocardiograms of dogs. 

11. Duomycin is a mild diuretic, about one third as active as caffeine. 
It does not produce albuminuria. 

12. It has no effect upon blood sugar, isolated intestine or uterus and 
it does not potentiate or inhibit histamine. 

13. It is not an antipyretic in rabbits or rats. 

14. After oral doses, it appears in the urine in one hour and its excre¬ 
tion continues actively for 6 to 12 hours. 

15. Therapeutically effective concentrations exist in the cerebrospinal 
fluid within 6 hours after an intravenous dose. 
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BACTERIOLOGICAL STUDIES OF AUREOMYCIN 

By Clifford W. Price, William A. Randall, and Henry Welch 

Division of Penicillin Control and Immunology, 

Food and Drug Administration , Washington , D. C. 

P RELIMINARY studies of aureomycin have indicated that it is suc¬ 
cessful in the treatment of certain Rickettsial and viral diseases and, 
in addition, is effective against both the gram-positive and gram-negative 
types of organisms. In the early work on this drug, difficulty was en¬ 
countered in the development of assay methods, particularly for the 
assay of serum concentrations in blood serum. It seemed important, 
therefore, to attempt to develop both cup-plate and serial dilution assays 
that could be depended on to evaluate aureomycin from the standpoint of 
both potency and its concentration in the blood following oral or paren¬ 
teral use. Accordingly, sensitivities of a variety of organisms to the 
activity of aureomycin have been determined to establish the range of 
the bacterial spectrum for this drug and to identify organisms that would 
be useful in assay procedures. 

The aureomycin* used in these investigations was relatively pure and 
was supplied as a sterile, amorphbus hydrochloride. It was freely soluble 
in distilled water at a concentration of 2 per cent and produced a golden 
yellow solution having a pH of 4.5. All bacterial sensitivities were con¬ 
ducted in penicillin assay broth 1 utilizing the double serial dilution 
method, and a 1 per cent inoculum of a twenty-four hour broth culture of 
the desired organism. The tests were incubated at 37° C. for ninety-six 
hours, after which all negative tubes in the series were inoculated into 
fluid thioglycollate medium and incubated overnight to determine if any 
viable organisms remained. Table 1 presents these data, where it will be 
noted that gram-positive organisms are, in general, affected by much 
lower concentrations of aureomycin than are the gram-negative types. 
The most sensitive group studied appears to be the aerobic spore-bearing 
microorganisms. The variation between the bacteriostatic and the bac¬ 
tericidal endpoint was marked. When an organism is cultivated in the 
presence of aureomycin, inhibition of growth at the twenty-fourth hour 
may be brought about by very small concentrations, yet continued incu¬ 
bation results in growth in the tubes, and after incubation for ninety-six 
hours sub-culture in fluid thioglycollate broth reveals many surviving 
organisms in aureomycin concentrations hundreds of times greater than 
that inducing twenty-four hour Inhibition of the same organism. Phe¬ 
nomena of this type could be due to the survival of resistant variants or 

♦Supplied through the courtesy of Lederle Laboratories Division, American Cjanamid Company, Pear! 
River, N. Y. 
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Table 1 


Concentrations at 

„Yo of Range of concenti ations which no viable 
straw* necessary to inhibit Mis lemamed 




?4 hours 

96 houi * 

96 hows 

Sal. typkosa 

b 

78-1.5(5 

25-50 

25-50 

Sal. typhi munurn 

1 

1.56 

50 

50 

Sal. pullorum 

2 

.39 

12 

25-50 

Sal. derby 

1 

3.12 

50 

200 

Sal. manhaitai) 

1 

3.12 

50 

200 

Sal. Oregon 

1 

3.12 

50 

s 

200 

E. coh 

4 

1.56-3.12 


25-200 

E. interim dm 

1 

6.25 

50 

50 

St. hemolyticns 

4 

19-3.12 

6-25 

25-50 

St. fecahs 

1 

50 

50 

50-200 

S. aureus 

4 

09-25 

3-50 

50 

S. citreus 

1 

.09 

12 

25 

Kl. pneumoniat 

6 

.78-12.5 

6-100 

50-200 

Pr. vulgaris 

1 

3.12 

50 

50 

Ps. aeruginosa 

2 

50 



Sar. lutea 

2 

.09-19 

3-50 

50 

Sar. marcescens 

3 

6-50 

100-200 

100-200 

Alkaligenes, sp. 

1 

.19 

6 

25 

B. subtihs 

4 

02-1.56 

.78-12.5 

1.5-50 

B. megathei ium 

1 

.02 

3.12 

3.12 

Bacillus , sp. 

3 

04-1.56 

.78-6.25 

1.5-25 


to destruction of the antibacterial agent during the incubation period, 
or both. 

Repeated transfers of representative organism were made in penicillin 
broth in order to determine whether a rapid increase in resistance to 
aureomycin could be induced. Increases of this type have been reported 
in the case of other antibiotics. Finland 2 reported that an increase in 
resistance of an organism in vivo during the administration of streptomy¬ 
cin often occurred within forty-eight hours, the increase in resistance 
being as much as 4,000-fold. One of the organisms employed in this study, 
Salmonella typkosa , showed an increase of only 4-fold in resistance to 
aureomycin after fourteen transfers, yet in an identical number of 
transfers through a medium containing streptomycin an increase of 
226,000-fold was demonstrated. 3 Penicillin assay broth was employed as 
the medium. Serial dilutions by halves were made of the aureomycin and 
a 1 per cent suspension of the organisms added. The first tube showing 
growth was used as the culture for making up the suspension for each 
succeeding transfer. The results are given in table 2, where it can be 
seen that even though some resistance does develop, with the exception 
of Proteus vulgaris , this increase in resistance could not possibly explain 
the variation between the bacteriostatic and bactericidal endpoints. 

The stability of aureomycin in the presence of various culture media 
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Table 2 

Sensitivity 




Aftei 14 


Microorganism 

Beginning 

transfeis 

Increase 


pg/ml 

ixg/ml 


B. subtilis 

0.04 

2.5 

62 

Sal . typhosa 

1.2 

5.0 

4.1 

E. coli 

0.6 

10 

16.6 

Kl. pneumoniae 

2.3 

80 

32 

Pr. vulgaris 

1.2 

640 

533 

Sar. lutea 

.15 

.3 

2 

S . aureus 

.08 

.08 

0 

St hemolyticut 

.15 

10 

66.6 


and culture media ingredients was then studied to determine if certain 
compounds were responsible for a deterioration of the antibiotic. The 
concentration of aureomycin employed was 20 pg ml and the deteriora¬ 
tion, after incubation at 37° C., was measured by means of a Bacillus 
subtilis cup-plate technique to be described. Results are shown in table 
3. It thus appears that at 37° C. aureomycin is unstable even in water. 


Table 3 



Concentration 

% Loss in potency 

Material tested 

% - 

o hours 

24 hours 

Penassaj" broth 

— 

43 

96 

Beef extract 

0.15 

35 

90 

Peptone 

.5 

24 

76 

Phos. buffer pH 7.0 

.5 

56 

89 

FI. thioglycollate 

whole medium 

32 

60 

Casitone 

.15 

25 

80 

Yeast extract 

.5 

40 

80 

Dextrose 

.5 

8 

46 

Sodium chloride 

.25 

25 

82 

L-cystine 

.1 

20 

51 

Na thioglycollate 

.05 

20 

50 

Trypticase 

1.5 

20 

55 

Thiol medium (Difco) 

30 

25 

98 

N-Z case peptone 

Water, distilled 

1.5 

37 

15 

90 

46 


and this instability is markedly increased in the presence of a variety 
of compounds and media. Penicillin assay broth, Thiol medium, experi¬ 
mental (Difco), various peptones, beef extract, and phosphate buffer at 
pH 7.0 resulted in almost complete destruction after twenty-four hours* 
incubation. Fluid thioglycollate medium, on the other hand, resulted in 
a destruction only slightly greater than that obtained with distilled 
water. Certain constituents of the fluid thioglycollate medium, when 
used in the concentration at which they appear in the finished medium, 
gave very marked loss of potency. Combinations of the various ingredi- 
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ents to deter min e which were responsible for the apparent stabilization 
afforded by the complete medium are under investigation. 

Various organisms were used in an attempt to develop a cup-plate 
assay method for aureomycin. One of these, B. svbtilis 219, which is the 
organism used routinely in the assay of streptomycin. 1 was found to be 
the most satisfactory. The method is described below 

Prepare agar plates from penicillin assay agai 1 exactly as for the a.^sa\ of penicillin 
but u^eB. subtilis POI-219 for inoculating the seed layer. Place six standard penicillin 
assay cylinders on the seeded surface and fill the cups alternately with a dilution of 
unknown and with a reference standard made to contain 1.0 ix% ml. All unknow ns and 
-tandard are dissolved or diluted with citrate buffer pH 6.3. Incubate the plates at 
37 s 0. for eighteen hours and measure the zones of inhibition. The potency of the 
unkno \ n solution is calculated using a standard curve. A typical assay for developing 
a standard curve for aureomycin is given in table 4. All final dilutions are made in 
citrate buffer pH 6.3. since the use of a phosphate buffer not only rapidly inactivates 
aureomycin but results in ‘‘fuzzy’’ zones which are difficult to read. 


l ' oh cent ration of n ut t om >in h 
ug ml. 

0.1 

0.4 

0.6 

O.s 

1.0 

1.2 

1.5 


\BIfc 4 

/one of inhihttion 
mm. 

14.o 

19.3 

20.7 

21.7 

22.7 

23.3 
24.1 


The eup-plate a&say method described was not applicable to the de¬ 
termination of aureomycin in blood serum because of poor zone forma¬ 
tion and inconsistency in zone size. Serial dilution methods were then 
investigated using B . subtilis PCI-219 in a variety of media. The organ¬ 
ism was found to be more sensitive to the action of aureomycin in fluid 
thioglycollate medium. This medium was also the one which resulted in 
the least destruction when aureomycin was incubated in its presence. 
The following test was devised. 

Place 0.5 mi amounts of fluid thioglyeoliaie medium in Was&ermann tubes and 
serially dilute, by halves, the serum under test for the desired number of tubes. 
Place 0.5 ml of the serum in an empty Wassermann tube and place it first in the series. 
Prepare a standard for comparison by dissolving aureomycin in normal serum to give 
a concentration of 10/tg ml and prepare a duplicate fifteen tube series exactly as 
above. A one gg. standard can be used if it is made up fresh, kept under refrigeration, 
and used in the test within a few hours. Maintain the B. subtilis in penassay broth 
(Difco). Add 0.5 ml of a 1:100,000 twenty-four hour broth culture of the B. subtilis 
to each tube and incubate overnight at 25° C. The last tube showing no growth is con¬ 
sidered the endpoint, and the concentration in the unknown is determined by com¬ 
paring with the standard aureomycin series. Approximately 0.01 pg/ml of aureo¬ 
mycin is demonstrable with this procedure. A representative determination is given 
in TABLE 5. 



Price et al.: Bacteriological Studies 215 

Table 5 


Tube Xo. 

its 

4 

5 

6 

7 8 

9 10 11 

12 

IS 

14 

15 

Concentration 

Standard 

— — — 

— 

— 

— 

— — 

— — — 

+ 

4 

4 

4 


Standard 

— — — 

— 

— 

— 

— — 

— — — 

4 

+ 

4 

4 


Serum 

— — — 

— 

— 

— 

— — 

— — _ 

4 

+ 

4- 

4 

10.0 Mg/ml 

Serum 

Serum 

- - 4 

4 

4 

4 

4- 

-4 

4 

+ 

4 

4 

0.02 jug/ml 
5.0 jug/ml 


(-) No Growth »+) Growth 


Animal protection tests were conducted using six microorganisms. 
All injections were made intraperitoneally, utilizing 0.5 ml of the culture, 
followed immediately by a single appropriate dose of aureomycin in 0.5 
ml of distilled water. The results are given in table 6. 


Table 6 



4 ureomycm 

Xo. of 

Per cent 

Microorganism 

M- 

mu e 

deaths 

S. typhosa 

500 

20 

0 

250 

20 

10 


125 

20 

25 


50 

40 

35 


40 

40 

85 


25 

40 

100 


10 

60 

100 


0 

60 

99 

S. typhi murium 

500 

20 

90 

250 

20 

90 


125 

20 

95 


0 

20 

95 

E. coli 

500 

20 

0 


250 

20 

10 


125 

20 

10 


10 

20 

10 


0 

20 

70 

KL pneumoniae 

50 

20 

100 


25 

40 

100 


0 

20 

100 

Pr. vulgaris 

50 

20 

15 

25 

20 

20 


10 

20 

70 


0 

20 

100 

St. hemolyticus 

50 

20 

35 


25 

20 

50 


10 

20 

60 


0 

20 

100 


Aureomycin behaved somewhat differently than penicillin or strepto¬ 
mycin when the latter drugs were employed in an identical experiment. 
When penicillin or streptomycin was used, the animals surviving were 
normal by the forty-eighth hour, while many of the animals treated with 
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aureomycm died four or more days after infection. When the effective¬ 
ness of aureomycin against experimental <N. lyphosa infections is com¬ 
pared with the effectiveness of streptomycin against the same infection 
on a weight basis, it is about 1/ 100th as active. 

An LD’,n was determined, using white mice. All injections were by \\a\ 
of one of the tail veins, using a five second injection period. The results 
appear in table 7. 


Per 20 gm. 

Per kilo 

Spasms 

Deaths 

1.50 mg 

75.0 mg 

1 10 

0 10 

1.75 

87.5 

8 10 

4 10 

2.00 

100.0 

10 10 

5 10 

2.25 

112.5 

10 10 

7 10 

2 5 

125.0 

10 10 

7 10 

2 75 

137 5 

10 10 

10 10 

30 

150 0 

10 10 

10/10 


LI) ■* * l(k! 5 mg kg ± 0 Ss! mg 


The sample employed was found to be tree from pyrogenic substances. 
When 20 mg. kg. of rabbit was injected the average temperature rise 
observed was 0.3° C. This dose, far in excess of the 1.0-2.0 mg./kg. of 
penicillin and 10.0 mg. kg. of htreptomycin given in routine pyrogen 
testing, was well tolerated. 

The effect of aureomycin on the blood pressure was studied in anesthe¬ 
tized cats. Phenobarbital was used as an anesthetic and the arterial blood 
pressure was determined by directly cannulating the carotid artery. 
When 10 mg. kg. was administered, a slight but transient fall in blood 
pressure occurred. At a dose of 20 mg. kg. the fall in blood pressure was 
more marked but a rapid recovery occurred with no evidence of respira¬ 
tory embarrassment in any of the animals. When the dose was increased 
to 40 mg. kg., precipitous falls in blood pressure occurred, accompanied 
by cardiac arrest. The respiration became very shallow but continued for 
some time. In one animal, following a 40 mg. kg. dose which induced an 
SO mm. drop in piessure, cardiac arrest occurred, but a return to normal 
was obtained following manipulation of the heart. A second dose of this 
size, however, resulted in a precipitous fall in the blood pressure of 100 
mm., after which the animal could not be revived. 

WTien aureomycin was combined with penicillin in the treatment of 
experimental typhosa infections in white mice, a synergistic effect was 
observed ranging from 5-40 per cent of that expected from the additive 
effects of these two drugs. When aureomycin was combined with strepto¬ 
mycin, however, in similar experiments, the results were not consistent. 

Discussion 

It is apparent from these studies that the bacterial spectrum of 
aureomycin is somewhat similar to that of streptomycin, inasmuch as it 
has an inhibitive action against both gram-positive and gram-negative 
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organisms. Its greatest activity appears to be against the gram-positive 
spore-bearing organisms. In general, it may be said that its activity is 
not as great as that of streptomycin, but its acute toxicity appears to be 
of approximately the same order of magnitude. On the basis of animal 
experimentation, the drug is well tolerated, although it cannot be utilized 
in concentrations on a weight basis as great as those that may be utilized 
with penicillin. This investigation indicates that aureomyein in solution 
is an unstable antibiotic and loses potency rapidly in broth, water and 
serum. Various media ingredients cause marked destruction. Such sub¬ 
stances as peptone, beef extract, and even phosphate buffer at pH 6.3 
materially reduce the activity of the drug in a relatively short period of 
time. It is apparent that the use of a thioglycollate medium tends to 
preserve the potency of aureomyein to a greater degree than the other 
media utilized. This is of importance in the bio-assay procedure for de¬ 
termining serum blood concentrations of this antibiotic. The assay 
procedure originally utilized in these studies was unsatisfactory, since 
the medium as a whole or the media ingredients caused rapid de&truction 
of the drug during the testing procedure. This destruction has been 
considerably overcome by the assay procedure described using thioglycol¬ 
late medium and incubation at 25° C. Under these conditions, it is possi¬ 
ble to determine concentrations of aureomyein of approximately 0.01 
jug. per ml. in serum. No outstanding usefulness for this antibiotic has 
been demonstrated by these animal investigations against the bacteria 
studied, although a definite synergistic effect has been demonstrated 
against certain strains of organisms with penicillin. The greatest promise 
for the drug thus lies in the treatment of certain viral and Rickettsial 
diseases. 

Summary and Conclusions 

1. The bacterial spectrum of aureomyein has been determined using a 
variety of gram-positive and gram-negative bacteria. 

£. Both a serial dilution method of assay and a cup-plate assay have 
been developed. 

3 . In solution, aureomyein appears to be quite unstable and is affected 
by a variety of substances. 

4- In the treatment of bacterial infections in mice, aureomyein is not 
as effective as either streptomycin or penicillin. 

5 . Aureomyein is a relatively non-toxic drug and is well tolerated by 
the animals used in these studies. 
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THE DETERMINATION OF AUREOMYCIN IN SERUM 
AND OTHER BODY FLUIDS 

By A. C. Dornbush and E. J. Pelcak 

Lederle Laboratories Division , Amencan Cyanamid Company 
Pearl Rner , A. Y. 

HTHE potencies of antibiotic substances have been measured by several 
different methods. The most simple and perhaps the most widely used 
technique is that involving the serial dilution of the sample with agar 1 or 
with broth 2 * 3 and the noting of the last dilution at which complete in¬ 
hibition of the test organism occurs. Turbidimetric assays 4 ’ 1 are merely 
refinements of the dilution assays wherein the antibiotic substance is 
diluted in such a manner as to produce an end-point which will fall inter¬ 
mediate between complete inhibition and no inhibition. Agar diffusion 
methods 6 similarly involve applying appropriate dilutions ot the anti¬ 
biotic in question to an inoculated agar surface and, after suitable incuba¬ 
tion periods, measuring the zones of inhibition. With any assay method, 
it is important that a control solution be assayed in parallel with the 
*‘unknown" * samples in order to have a point for comparison. 

When the above methods were used in an attempt to assay aureomycin 
solutions, it was observed that the agar diffusion techniques as w T e applied 
them failed to produce sharp zones of inhibition. Also, the slope of the 
inhibition response curve w^as so low as to indicate a rather low order of 
precision. In making a survey of the various organisms readily available 
to us in the laboratory, we noted differences in the sensitivity of these 
organisms to aureomycin w’hen tested by dilution methods. Since in 
selecting a test organism we must consider factors other than sensitivity 
alone, w T e eliminated those organisms w'hich might be regarded as patho¬ 
genic. We did this not only for reasons of safety of laboratory personnel, 
but since we were primarily interested in assaying blood specimens w T e 
wished to eliminate the possibility of interference from specific bacterio¬ 
static substances present in blood. In addition to the authentically 
identified cultures from our collection, we tested a number of laboratory 
isolates. One of these, Bacillus No. 5, seemed to meet our specification. It 
is a gram-positive spore-forming bacillus and appears to be a strain of 
Bacillus cereus variety mycoides 7 

The method finally adopted for the assay of serum samples is similar 
to the methods originally proposed by the Food and Drug Administra¬ 
tion for the assay of penicillin 8 and streptomycin 9 in blood. One-half ml. 
of a 0.2 fig./ml. solution of an aureomycin reference solution is placed 
in a x 4J 2 inch Wassermann tube. A second ml. portion of the same 
solution is diluted serially two-fold through an additional 5 tubes w T ith 
sterile nutrient broth. 10 Samples submitted for assay are similarly diluted 
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tor as many tubes as may be required to give an end-point. If the approxi¬ 
mate potency of the sample is known, it may be diluted with broth to 
contain approximately 0.2 jug. ml. after which it is serially diluted. When 
all of the samples and the standard have been placed in tubes, 1ml. of 
a 1:100 broth dilution of an overnight broth culture of the test organism 
is added with an automatic pipette and the tubes are incubated at 37° 
in a water bath. After 4 hours, the tubes are examined visually and the 
growth is recorded as either negative or positive. The end-point is usually 
quite easily distinguishable and even faint growth is recorded as positive. 
Quite consistently, we have had an end-point in the third tube of the 
standard series; thus, the smallest amount of aureomycin we are able to 
detect is 0.05 jug. ml. of sample. Actually, the aureomycin concentration 
in the final clear tube is one-quarter as much or 0.0125 jug. ml., since 
l /2 ml. amounts have been made up to a volume of 2 ml. On several 
occasions, we have read the tubes at the 4-hour interval and then have 
incubated the tubes an additional 16 hours. Generally, the sensitivity of 
the assay is lowered to one-half or to one-quarter of that found at the 
4-hour reading, but the actual potencies found in the samples do not 
change since the shift is parallel in the sample tubes and in the standard 
tubes. In the case of non-sterile urine specimens, when the assay tubes 
are incubated for a total of 20 hours, growth of the contaminating organ¬ 
isms may partially obscure the end-point. Even with grossly contami¬ 
nated samples, however, we have usually been able to read end-points 
at 20 hours by observing the point at which the characteristic pellicle of 
Bacillus No. 5 occurs in each series. Because of the massive inoculum 
used initially, we have not had any interference from contaminated 
samples when they were read at the 4-hour interval. A total of 38 normal 
human urine specimens and 23 normal human serum specimens were 
examined with no indication of interference from inhibitory materials. 
Similarly, when we have fortified serum with aureomycin we have had no 
indication of interference from growth stimulation under the conditions 
of the assay. 

Some of the early assay of blood and urine samples were carried out 
with Bacillus subtilis A.T.C.C. 6633. In these assays, the technique was 
identical with that used at present, but the tests were not as sensitive nor 
was it possible to read the tubes at the 4 hour time interval. 

In addition to the dilution assay outlined above, we have utilized a 
turbidimetric assay for the determination of aureomycin in urine. As in 
the case of the dilution assay, we have modified existing penicillin tech¬ 
niques. 6 The urine samples are diluted with 0.1 M monobasic potassium 
phosphate to contain approximately 0.1 jug. of aureomycin per milliliter. 
Aliquots of 0.2, 0.4, 0.6, 0.8 and 1.0 ml. of this solution are added to un¬ 
plugged 18 x 150 mm . test tubes and the volume of each is adjusted to 
1.0 ml. with the same 0.1 M phosphate using a Cannon automatic dis¬ 
penser. An aureomycin reference solution is included in each assay and it 
is set up at ten levels in a range from 0.01 ng. to 0.1 jug. per tube. The test 
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organism, Staphylococcus aureus F.D.A. 209P, is carried out on nutrient 
agar slants. On the day of the assay, growth from a fresh slant is sus¬ 
pended in 150 ml. of nutrient broth, 10 and the inoculated flask is main¬ 
tained at 37° for exactly lt -2 hours. A bottle containing the calculated 
amount of broth for the entire assay is inoculated with this culture at the 
rate of 35 ml. per liter. Nine-mi. amounts of the inoculated medium are 
dispensed in each assay tube with an automatic pipetting machine. 
After incubating exactly 3 hours at 37°, H ml. of formalin 1 :3 is added 
to each tube and the turbidities are read on a photoelectric colorimeter. 

Twelve normal human urine samples were pooled and aliquots of the 
pooled material were fortified with different amounts of aureomycin. 
When tested by both of our assay methods, the recoveries w’ere satis¬ 
factory. Similarly, we have had good agreement between the parallel 
assays performed on various animal urine samples submitted to us by the 
pharmacology group. 

Using the turbidimetric assay we have made some aureomycin stability 
determinations. The antibiotic is most stable near pH 2. An unbuffered 
aureomycin hydrochloride solution at pH 2.9 has been maintained at cold 
room temperature x 4° C. for 23 days with no measurable loss of activity. 
Temperature is an important consideration. Whereas aureomycin solu¬ 
tions from pH 1 through pH 10 have been held at ±4° for approximate’}’ 
18 hours with no loss in activity, at pH 7.0, more than half of the activity 
is lost after overnight incubation at 37°. 
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//V VITRO STUDIES WITH AUREOMYCIN* 

By Caroline A. Chandler and Eleanor A. BList- 

Department of Preventive Medicine and Pediatrics . 

Johns Hopkins University School of Medicine , 

Baltimore , Maryland 

INVESTIGATIONS on aureomycin have been in progress in this 
laboratory since November 1947. The in vitro activity of this new anti¬ 
biotic against various bacteria has been compared with the activity of 
penicillin, polymyxin, and streptomycin, and the results are being re¬ 
ported elsewhere. 

To recapitulate these results briefly, it was found that, in the test tube, 
aureomycin is less effective than polymyxin and penicillin against the 
gram negative bacilli and the gram positive cocci, respectively. The only 
exception noted was in the case of Streptococcus faecal is, six strains of 
which were found to be more susceptible to aureomycin than penicillin. 
For gram negative bacilli including E. typhosa, E. coli , K . pneumoniae , A . 
acrogenes } and H. influenzae /3, aureomycin was found to be inhibitory at 
levels of from 2.5 to 5.0 micrograms per cc. of medium. Both B . proleus 
and B. pyocyaneus were found to be relatively resistant to aureomycin as 
neither one was inhibited by concentrations of 20 micrograms per cc. All 
of the gram positive cocci tested, including several strains each of staphy¬ 
lococci, pneumococci and hemolytic streptococci, were inhibited by less 
than one microgram of aureomycin per cc. 

In a few instances, comparison with streptomycin was .also made. 
Against E. coli and K . pneumoniae , aureomycin was not as effective as 
streptomycin. One of the test strains of staphylococci was, however, more 
susceptible to the new antibiotic than streptomycin. Both agents were 
equally effective against one strain of H . influenzae 

In the course of the above studies on aureomycin, evidence began to 
appear suggesting that this antibiotic is bacteriostatic rather than bac¬ 
tericidal in action and that it deteriorates rather rapidly in the usual test 
media. The following investigations were undertaken in an attempt to 
throw more light on these phenomena. 

Methods 

1 . Growth curves were obtained by making bacterial counts at various 
intervals after inoculation. The test organism used in this experiment was 
a beta hemolytic streptococcus, strain C203. Penicillin was chosen as the 
agent of comparison. Ten cc. volumes of both agents were inoculated 

* These investigations were supported by grants from Abbott laboratories; Eli Lilly and Company; 
Leaerle Laboratories Division of the American Cyanamid Company; Parke, Davis and Company; and 
the Lpjolu Company. 
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with 0.1 cc. of 1.100 dilution of the culture and count plates were made at 
1, 3, 5, 24, and 48 hours. 

2 . The,susceptibility of the test strains to aureomycin was determined 
in the lolloping manner. Serial two-fold dilutions of the antibiotic in 
Dilco heart iniu^ion broth, with 0.075 per cent dextrose added, were 
inoculated with equal volumes of 18-hour broth cultures so diluted as to 
result in an inoculum of approximately 200,000 orga n isms per cc. The 
tests were read at the end of 6, 12, 24, 48, 72, and 96 hours incubation 
at 37° C. 

J. Drug deterioration was investigated in another set of experiments 
in which K. pneumoniae was the test organism. Three sets of tubes each 
containing two-fold dilutions of aureomycin from 0.625 to 20 micrograms 
per cc. were inoculated in the usual manner with the test strain. After 
24 hours incubation growth w'as found to be inhibited by 2.5 micrograms 
per cc. of drug in all three sets of tubes. The first set (a) was allowed to 
incubate without further addition of drug through 72 hours. Fresh drug, 
to give an additional 2.5 cc. micrograms per cc. per tube, was added to 
the second set (b) at 24 hours, and to the third set (c) at 24 and 48 hours. 

The activity of aureomycin in the presence of defibrinated, wiiole 
blood, fresh serum and heat-inactivated serum w T as determined in the 
following manner. Twenty-five hundredths cc. of blood or serum w r as in¬ 
troduced into each of 6 sterile pyrex tubes. Aureomycin, diluted in heart 
infusion broth to give the final concentrations desired, w r as added in 0.1 
cc. amounts. Finally. 0.05 cc. of each ten-fold serial dilution (10 -1 to 10~ 6 ) 
of an 18-hour broth culture of the test organism was also added to each 
tube. The tubes were sealed, placed in a rotating box, and incubated at 
37° C. for 24 hours, after which the tubes were opened and the contents 
cultured on blood agar plates. To determine the number of organisms 
added to each tube of blood or serum, count plates w'ere made of the 10~° 
and lO -6 dilutions. Control experiments w T ere set up in the same fashion 
except that broth was used as the substrate rather than blood or serum 

Results 

1. The growth curve, shown in figure 1, indicates that although aure¬ 
omycin brought about a progressive decline in the bacterial population 
for the first 24 hours of exposure, the organisms eventually recovered and 
attained growth equal to that in the control culture. Penicillin, on the 
other hand, caused an immediate decline in the bacterial count which 
terminated in the sterilization of the culture. 

2. Whether or not the eventual outgrowth of organisms in the presence 
of aureomycin is the result of the survival of resistant organisms or is due 
to a deterioration of the drug is not known at present. That drug de¬ 
terioration is an important and perhaps the most significant factor is il¬ 
lustrated in figure 2, When aureomycin w r as titrated, in the manner al¬ 
ready described, against K . pneumoniae as the test organism, the visible 
end-point shifted with progressive incubation so that at 6 hours the end- 



Chandler & Bliss: In Vitro Studies 


223 



friGi re 1 Effect of aureom>cin and penicillin on the multiplication of C 203 


point was 0.3 mierogram per ec.; at 12 hours it was 1.25 micrograms per 
cc.; at 24 hours it was 5.0 micrograms per cc.; at 48 hours, 10 micrograms 
per cc.; at 60 hours, 20 micrograms per cc.; and at 72 hours it was greater 
than 20 micrograms per cc. Since repeated tests with this organism always 
titrated to essentially the same end-point at any given time, a six-hour 
test was developed for assaying the content of aureomycin in the body 
fluids of patients to whom the drug was being administered therapeuti¬ 
cally. In each instance K. pneumoniae was employed as the test organism 
and a variety of specimens of blood sera and urines were assayed, the 
results of which will be reported in a later paper in this series. 

Confirmatory evidence of drug deterioration was obtained in another 
**t of experiments. The manner in which these experiments were per¬ 
formed has been described (see Methods 3), and the results are shown in 
figi'Re 3. In three identical sets of tubes containing two-fold dilutions 
of aureomycin from 0.625 through 20 micrograms per cc.—all inoculated 
at the same time—growth was found to be inhibited by 2.5 micrograms 
per cc. in all three sets of tubes at the end of 24 hours incubation. With 
fresh drug added to the second set (b) at 24 hours, growth was held down 
to 2.5 micrograms through 48 hours and then titrated to more than 20 
micrograms at 72 hours. In set (c), with drug replenished at both 24 and 
48 hours, the original titer of 2.5 micrograms per cc. was maintained 
throughout the 72-hour observation period. These results are in marked 
contrast with set (a) where, with no replacement of drug, growth titrated 
to 20 micrograms at 48 hours and to more than 20 micrograms at 72 
hours. 
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TIKE OP OBSERVATION 

A«NO ADDITION OP AUREOMYCIN 

B-ASDITION OP 2.5 MICROGRAM/CC AT 24 HRS* 

C^ADDITION OP 2.5 MICROORAM/CC AT 24 AND 48 HRS. 


Figube 3. Effect of adding increments of fresh aureomycin. 
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That pH and temperature of the environment are significant factors in 
determining the rate of deterioration was shown by observing the end¬ 
points obtained with E . coli in solutions of aureomyein at different pH’s 
heVl at -10° C. and at 37° C. for 23 hours previous to inoculation. The 
results are shown in table 1. It can be seen that the deleterious effect of 
heat was augmented by an increase of pH. 

Tyble i 

Kffb t o* tuk Temper ytu re and pH oi Storage on the Deterioration o* 
Aitreomycin. Test Organism: E. coli ; 24 hr. Readings 


Storage 
temperatnri 


Storage pH 

5.1 

5.8 7.1 8.2 

Minimal irihibilwy concentration — y/cc 

-10°(\ 

37° C. 

3.12 

6.25 

3.12 6.25 6.25 

6.25 50.0 50.0 


J. Studies on the activity of aureomyein in the presence of whole blood 
and serum are summarized in tables 2 and 3. When a Staphylococcus 


Table 2 

Ba( TERICIDAL STUDIES 




Minimum number of organisms required 
to initiate growth/cc . of blood or serum 

Organism 

Svbstrat( 


Aureomyein gamma/cc. 

0 

5 10 20 

Staphylococcus aureus 

Whole blood 

Serum (fresh) 

Serum (inactivated) 
Broth (control) 

640 

800 

800 

1,600 

64,000 100,000 100,000 

8,000 800,000 
80,000 800,000 
1,600,000 1,600,000 1,600,000 


Organism 
A\ pneumoniae 


Table 3 

Bactericidal Studies 

Minimum number organisms required 
to initiate growth/cc . of blood or serum 

A ureomycin gamma/cc. 


Substrati 

0 

10 

20 

Whole blood 

3000 

30,000,000 

>30,000,000 

Serum (fresh) 

4000 

40,000,000 

>68,000,000 

Scrum (inactivated) 

680 

68,000 

>68,000,000 

Broth 

800 

80,000,000 

>80,000,000 


aureus was used as the test strain, as shown in table 2, there was no 
indication that the bacteriostasis achieved with aureomyein alone was 
augmented by the bactericidal activity of whole blood or of serum, either 
fresh or inactivated. On the contrary, both blood and serum had a some¬ 
what neutralizing effect on the action of the drug. This is evidenced by 
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the fact that, in the presence of 20 micrograms of aureomycin per cc., 
only 100,000 organisms w ere required to initiate grow th in whole blood 
and 800,000 in serum, whereas in broth alone, 1,600,000 organisms were 
needed to produce growth. In this type of bacteriostatic test, there w as 
no significant difference between fresh and inactivated serum with this 
organism. 

Essentially the same results were obtained when K . pneumoniae was 
employed as the test strain, as shown in Table 3. In the presence of 20 
micrograms of aureomycin per cc., more than thirty million organisms 
were required to initiate growth in v T hole blood, more than sixty-eight 
million in serum, but in broth alone, the minimal inoculum w r as eighty 
million. Again, the somew'hat antagonistic effect of blood and serum on the 
drug is indicated by the above results. It is interesting to note that in the 
presence of 10 micrograms of drug per cc., fresh serum was more bacteri¬ 
cidal than inactivated serum against K. pneumoniae. This is shown by 
the fact that forty million organisms were required to initiate grow th in 
fresh serum as compared with only sixty-eight thousand organisms in heat 
inactivated serum. The most likely explanation for this observation is 
that the bactericidal effect of fresh complement on a gram negative 
organism tends to offset the neutralizing effect of serum itself on the drug. 
That this explanation is probable is suggested by the finding that neither 
fresh nor inactivated serum had any bactericidal effect in the absence of 
drug. 

Discussion 

The performance of aureomycin in the test tube is not brilliant w’hen 
compared with that of polymyxin or penicillin. When due consideration 
is given to the fact that this antibiotic deteriorates rapidly under experi¬ 
mental conditions, it is surprising that aureomycin appears to be much 
more promising clinically, even at minimal blood levels, than it does ex¬ 
perimentally. One is led to suppose that the mode of action in the body 
may be different from that in vitro . 

In spite of the antagonistic effect of whole blood and serum, it is signi¬ 
ficant that organisms are actually killed in these substrates when suffi¬ 
cient quantities of aureomycin are present. 

Summary 

1. The new r antibiotic, aureomycin, is effective in vitro against both 
gram negative and gram positive bacteria. Higher concentrations of this 
drug are required to produce bacteriostasis than are necessary with either 
polymyxin or penicillin, being close to those required of streptomycin. 

2. Aureomycin is bacteriostatic rather than bactericidal in its effect. 

3 . The drug deteriorates rapidly at room and incubator temperatures 
in neutral or alkaline solution, but bacteriostasis can be maintained if 
fresh drug is added every 24 hours. Since the rate of deterioration is 
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fairly constant for any given test organism, a rapid assay method can be 
used for determining the content of aureoraycin in body fluids. 

4. The activity of aureomycin is not enhanced by the presence of whole 
blood or serum. On the contrary, although actual killing takes place if 
sufficient drug is present, both blood and serum exert an antagonistic 
effect on the activity of this antibiotic 



LABORATORY STUDIES WITH AUREOMYCIN* 


By Thomas Fite Paine, jR.,f Harvey Shields Collins, 
and Maxwell Finland 

Thorndike Memorial Laboratory , Second and Fourth Medical Setvices ( Harvard) 
Bouton City Hospital, and the Department 0 } Medicine, Harvard Medical School , 
Boston , Massachusetts 


S OME of the results of the studies carried out by the workers of the 
Lederle Laboratories which were made available to us suggested 
that aureomycin, a new antibiotic, was relatively non-toxic and highly 
effective, particularly against certain viral and rickettsial infections in 
animals, and seemed worthy of clinical trials. The studies reported here 
were carried out as a part of the evaluation of the clinical effect of this 
agent in the treatment of certain human bacterial infections. 

Sensitivity of Various Bacteria. Tests for sensitivity were performed on 
18o strains of organisms recently isolated from patients. Tube-dilution 
and streak-plate methods were used for these tests. The strains of 
Diplococcus pneumoniae , Neisseria gonorrhoeae, N. meningitidis and 
Streptococcus pyogenes were all inhibited by 1 /xg. or less of aureomycin 
per ml. Staphylococci and most strains of gram negative bacilli, including 
species of Salmonella , were inhibited for the most part by concentrations 
of aureomycin in the range of 1 to 25 pg. per ml. Strains of only 2 species, 
namely Proteus vulgaris and Pseudomonas aeruginosa, , were moderately 
resistant to the action of aureomycin, requiring from 125 to 250 /xg. per 
ml. for complete inhibition. 

Comparison with Other Antibiotics. No evidence of cross-resistance with 
other antibiotics was found. Penicillin- and streptomycin-sensitive and 
resistant strains of the same organism were found to be equally sensitive 
to the antibacterial activity of aureomycin. On a weight basis, aureomy¬ 
cin was found to be less effective than penicillin, but more effective than 
streptomycin in inhibiting coccal organisms and was about equally as 
effective as streptomycin against most gram negative bacilli. 

Stability. Aureomycin hydrochloride as provided to us was found to 
maintain its potency on storage at room temperature in the dry powder 
in sealed ampules for at least 7 months. It also retained most of its activ¬ 
ity when kept in solution in high concentrations in distilled water at 37° 


* Aided by a grant from the United States Public Health Service. 

Generous supplies of aureomycin hydrochloride and some of the data concerning its activity in vitro 
and in experimental animals were supplied by the Lederle Laboratories Division of the American 
Cyanamid Company, Pearl River, New York. 

The laboratory studies were carried out with the technical assistance of Clare Wilcox, Janice M. Bryan 
and Paul F. Frank. The strains of pathogenic bacteria used in these studies were isolated and identified 
by Marion £. Lamb and A. Kathleen Daley in the Bacteriology Laboratory of the Mallory Institute of 
Pathology and bv Helen Trousdale in the Urological Clinic, Boston City Hospital. 

Dr. E Buist Wells participated in some of the pharmacologic studies. 

T Research Fellow, American College of Physicians. 
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C. or at 4° C. In low concentrations in broth, plasma or blood agar, how¬ 
ever, a rapid decrease in potency occurred at 37° C., and a somewhat less 
rapid fall in potency took place at 4° C 

Comparison of Tube-dilution and Streak-plate Methods 
for Determining Sensitivity of Bacteria 

Effect of Size of Inoculation. Bacterial sensitivities to aureomycin could 
be performed satisfactorily using either a tube-dilution technique or by 
streaking cultures directly on the surfaces of a series of agar plates con¬ 
taining graded concentrations of the antibiotic. The inoculum size influ¬ 
enced the concentration of aureomycin required for complete inhibition 
when using the tube-dilution method, but did not alter the inhibition end¬ 
points when the surface streak method of determining sensitivities was 
used. Aureomycin did not, apparently, exert antibacterial activity against 
fully grown cultures of microorganisms. However, against vigorously 
multiplying organisms, it exerted considerable antibacterial activity. 

Effect of pH. The pH of the media exerted considerable influence on the 
inhibition end-points observed in the tube-dilution sensitivity tests. In¬ 
creasing the pH from 0.1 to 8.0 resulted in a 64-fold increase in the con¬ 
centration of the antibiotic required to inhibit one of the organisms 
tested. 

“Aureomycinat ic’V There was no evidence of the elaboration of any 
aureomycin-inhibiting substance (similar to penicillinase) by any aureo- 
mycin-resistant organisms, nor could any such material be extracted 
from the disrupted bacterial cells of a number of organisms. 

Effect of Aerobiosis. The degree of aerobiosis may affect the inhibition 
end-points of aureomycin against certain organisms. Preliminary experi¬ 
ments suggested that a marked reduction in oxygen content in the envir¬ 
onment of a culture resulted in some diminution in the antibacterial 
activity of aureomycin. The activity of aureomycin on cultures that were 
incubated in a candle jar, however, was not diminished. 

Development of Resistance in vitro. The bacteria studied showed no 
marked tendency to become resistant to aureomycin on repeated expos¬ 
ure to the drug, though an occasional strain did increase in resistance 
after many subcultures in increasing concentrations of the antibiotic. No 
evidence could be found for the development of aureomycin “dependent” 
strains of bacteria. Resistant variants could not be isolated readily by 
exp>sure of large bacterial populations to high concentrations of the 
antibiotic. 

Absorption and Excretion 

Blood Levels. Many attempts were made to determine the blood con¬ 
centrations of aureomycin in patients receiving this antibiotic by assay¬ 
ing the serum against selected test strains of bacteria. Despite doses up 
to 2.0 grams daily by mouth, it was not possible to inhibit a test strain of 
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Streptococcus which was sensitive to 0.5 yg./ml. in serum dilutions beyond 
1 : 2 or occasionally 1 : 4. With Bacillus No. 5 (a subtilis-like organism 
inhibited by 0.2 ng. of aureomycin per ml.}, it was possible to obtain inhi¬ 
bition in serum dilutions up to 1 : 8 or 1 : 10. 

Urinary Excretion. Following oral or intramuscular doses ot aureo¬ 
mycin, the material appeared in the urine within the first hour and the 
maximum amount appeared during the following 4 to 8 hour period 
Following single doses of 0.5-0.75 gm. by mouth, as much as 13.4 pei 
cent of the dose could be recovered in the urine during the following 55 
hours. The maximum concentration in the urine on oral doses of 1-2 
grams daily ranged up to 256 yg. per ml. An interesting feature was the 
prolonged excretion of the drug, following oral doses. Antibiotic activity 
was demonstrated in urine collected after three, and sometimes after four 
days following the last oral dose. In patients receiving repeated doses for 
severe infections, the total amount recovered from the urine was only 
3-5 per cent of the amount administered, but technical difficulties may 
have accounted, in part, for the failure to recover larger proportions of 
the administered drug. 

Summary 

Aureomycin possesses antibacterial activity against many micro¬ 
organisms, including coceal and bacillary forms. It is active against 
certain penicillin-resistant organisms as well as against streptomycin- 
resistant and dependent strains. It is stable in the dry powder at room 
temperature and in high concentration in solution in distilled water at 
37° C. or 4° C. Loss of activity occurs rapidly when the antibiotic is incu¬ 
bated at 37° C. in low concentration in broth, plasma or blood agar, 
though the loss in activity in the same media is less rapid on refrigeration. 

The antibiotic is most active in the acid pH range. The number of 
organisms present, as well as their growth phase, influences the inhibition 
end-points observed in the tube-dilution method of sensitivity de¬ 
termination. 

Bacteria do not readily become resistant to aureomycin in vitro , though 
such an alteration was achieved in the case of certain microorganisms. 

On oral doses of aureomycin of 1 or 2 grams daily in adults, concen¬ 
trations .up to 256 gg. per ml. may be found in the urine. Excretion of 
the antibiotic in the urine continues for 3 days or longer after its 
administration. 



CLINICAL STUDIES WITH AUREOMYCIN* 

By Habvey Shields Collins, Thomas Fite Paine, jR.,f 
and Maxwell Finland 

rhorndiU Memonal Laboiatoiy , Second and Fourth Medical Seivice* (Harvard) 
Boston City Hospital , and the Department of Main me, Hat mu! Medical School , 
Boston, Massachusetts 

S OME of the preliminary findings on the toxicity ot aureomycin and 
its effect in experimental infections that were made available to us 
by the workers of the Lederle Laboratories suggested that this agent was 
relatively non-toxic, was effective by mouth, and gave promise of being 
highly active against certain viral and rickettsial infections. Studies in 
vitro by the same workers, which were confirmed and extended in this 
laboratory, also indicated that it was effective against a wide range of 
human pathogenic bacteria. This new antibiotic, therefore, seemed 
worthy of clinical trials in bacterial infections in order to determine its 
range of usefulness. 

Certain laboratory studies which were carried out as part of the 
clinical trials are reported separately. 1 > 2 To date, about 100 patients with 
a variety of bacterial infections have been treated with aureomycin by 
mouth at the Boston City Hospital. The results obtained in these pa¬ 
tients are summarized in this communication. 

Infections Treated and General Results 

The types of infection treated, the dosage used, and a rough estimation 
of clinical effect of aureomycin in these cases are listed in table 1. It 
should be borne in mind that most of these patients were treated before 
there was much knowledge of the toxicity of the drug in humans and the 
dosage employed was gradually increased in successive patients until 
considerably greater amounts were used than any that had previously 
been given by mouth. These patients received no other chemotherapy or 
antibiotic during the aureomycin treatment, although many of them had 
been treated unsuccessfully with such agents before the aureomycin was 
started. 

Good results were obtained in most of the coccal infections. The effects 
in most of the patients with typhoid fever, Salmonella infections and 
severe urinaiy tract infections were difficult to evaluate. In most of the 
patients in whom the results are listed as doubtful, definite clinical and 
bacteriological evidence of beneficial effects was noted during treatment 
with aureomycin, but the results were either transient or the role of the 
antibiotic in effecting the results could not be evaluated. 

* Aided by a grant from the United States Public Health Service. 

\ Research Fellow, American College of Physicians. 

[2311 



232 


Annals: New York Academy of Sciences 
Table 1 


Summary of Results of Aureomycin Treatment in 102 Patients 


Diagnosis 

Gonoriheal urethritis, malt 
Pneumococcal pneumonia 
Meningococcemia, acute 
Typhoid fever 
Typhoid carrier 
Acute enteritis, S. newport 
S. suispestifer bacteremia 

(vertebral and psoas abscesses) 
E, coli bacteremia 
Cystitis and pyelonephritis 
Lymphogranuloma venereum 
Measles 

Relapsing fever (?) 

Non-specific urethritis 

Total 


Total therapy , Results 

by mouth —■*— ■ 


Patients 

Grams 

Days 

Good 

Doubt- 

J'ul 

Failed 

6G 

1-3 

1-2 

19 

11 

6 

l 

5-20 

5-10 

4 

0 

0 

1 

4 

3 

1 

0 

0 

5 

3-39 

13-22 

l 

2 

2 

1 

23 

31 

0 

0 

1 

2 

5-7" 

3-8 

1 

0 

1 

1 

21 

11 

0 

0 

1 

1 

22.5 

15 

0 

0 

1 

16f 

3-28 

3 28 

6 

15 

2 

1 

40 

20 

0 

1 

0 

1 

1 

2 

0 

0 

1 

1 

9-11 

5-6 

0 

0 

1 

2 

4 

7 

2 

0 

0 

102 



64 

29 

16 


* One of these patients also reoei\ed 20 niff, intramuscularly twice a da,\ 

t Seien of these patients received 2 separate courses because of reinfection with new strain*) and an 
each listed twice under “Results.” 


Suitable cases of rickettsial infections or of viral diseases other than 
those listed were not available for treatment during the study. A brief 
r£sum£ will be given of the results in certain groups of cases. 

Gonococcal Urethritis. The cases of acute gonococcal urethritis were all 
in males, and were treated in the Out-Patient Clinic. The results with the 
various dosage schedules that were tried are shown in table 2. Failures 
were most frequent among the patients who were treated for only one 
day and with a total dose of only 1 or 1.5 gm. of aureomycin. In them, 
urethral discharge was present and contained numerous well-formed 
leucocytes on the day following treatment. This was true even among 
those listed as “Cured ,, and even when cultures and smears of this dis¬ 
charge were negative for gonococcus. Complete subsidence of the dis¬ 
charge in these cases occurred in 2 or 3 days. The patients who received 
doses on 2 successive days showed a response more like that which usually 
follows an adequate dose of penicillin. In them, the discharge cleared 
rapidly and leucocytes, when present on the day after treatment ended, 
looked disrupted and stained poorly. 

It is thus evident that aureomycin was effective against acute gonor¬ 
rhea in the males. The over-all results in this group of cases, however, are 
distinctly inferior to those observed in this same clinic in patents treated 
with 300,000 units of penicillin given intramuscularly in a prolonging 
agent. The optimum dosage schedule of aureomycin, however, has not 
yet been defined, and the effects of intramuscular therapy were not 
explored. 
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Table 2 

Summary of Results in Cases of Acute Conococc\l Urethritis in Males 
Treated with Aureomycin by Molth* 

(Boston City Hospital -to July 9 1948‘ 

Aureomycin 


\ r umbei of 
patients 

Schedule 

0.5 gm . doses 

Total 
qm . 

"Cured" 

tailed] 

A o 

follow-up 

9 

I0a.ni. & 10 p.m. 

1.0 

4 

3(1) 

2 

21 

10 a.m.; 5& 10 p.m. 

1.5 

17 

3(1) 

1 

5 

I0a.m.;2,6 & 10 p.m. 

2.0 

4t 

0 

1 

21 

10 a.m. & 10 p.m. (day 1): 

2.0 

14 

3(1) 

4 

8 

10 a.m. & 10 p.m. (day 2) 

10 a.m.; 5 & 10 p.m. (day 1), 

2.5 

8 

0 

0 

l 

10 a.m. & 10 p.m. (day 2) 

10 a.m. & 10 p.m. (day 1); 

1.5 

1 

0 

0 

1 

10 a.m. (day 2) 

10a.m.;2,6<fc 10p.m. (day 1);** 

3.0 

1 

0 

0 

66 

10a.m. & 10 p.m. (day 2) 


49 

9(3) 

8 


* Bacteriological studies carried out by Mrs. Helen Trousdale; the clinical studies were carried out 
through the courtesy ot Dr. George (\ Prather, Chief of the l rologica! ben ire, with the assistance of 
Drs. Thomas F. Kaiser and Francis C. Itegan. 

t In parentheses are shown the number of putients, included among the failures, who had delayed reap¬ 
pearance of symptoms and positive cultures after having completely cleared, they may represent rein¬ 
fections. 

** Discharge present and culture positive at D a m. on day 2 . 

% One patient hud acute orchitis which subsided promptly. 

Pneumococcal Pneumonia. Four patients with pneumococcal pneu¬ 
monia were treated with aureomycin by mouth. The relevant findings 
are summarized in table 3. In 3 of the patients, including one with 
bacteremia, treatment was begun on or before the second day of illness. 
In each of these patients improvement, both subjective and objective, 
occurred rapidly and they were all afebrile within 18 to 36 haul’s. In pa¬ 
tient B. C., who had a very severe infection with jaundice, treatment with 
aureomycin was started on the fourth day. Improvement in this patient 
was somewhat more gradual and the temperature dropped to normal 
within 48 hours. 

Careful bacteriological studies in these 4 patients revealed a rapid de¬ 
cline in the number of pneumococci in the sputum following the first dose 
of aureomycin and no pneumococci could be recovered in any of them 
after 48 hours. The results are similar to those obtained with full doses of 
penicillin in comparable patients. 

The various organisms isolated from the sputum in patient J. T. and 
the sensitivity of these organisms to aureomycin are listed in table 4. 
Only alpha hemolytic streptococci could be isolated after the second day 
of treatment. 

Meningococcemia. The patient with meningococcemia is of interest be¬ 
cause treatment with aureomycin was started within 12 hours of the on¬ 
set of an illness which was tentatively diagnosed as Rocky Mountain 
spotted fever. The patient had been in an endemic focus and had had tick 
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Table 4 


Sensitivity to Aureomycin of Strains of Organisms. Isolated from a Case 
of Pneumococcal Pneumonia* 

Inhibiting concentration 
of aureomycin, 


l)at( 

(hgamsm 

Complete 

ml. 

Partial 

ng./ml. 

June 27 

mitis 

6.3 

3.1-1.6 

27 

S. aureus 

3.1 

1.6-0.8 

27 

S. pyogenes 

0.8 

0.4-0.1 

27 

I). pneumoniae, type 44 

3.1 

1.6-0.8 

27 

!). pneumoniae, typo 44J 

S. mitis 

3.1 

1.6 

28 

3.1 

1.6 

28 

S. aureus 

3.1 

1.6-0.8 

28 

J). pneumomru, typo 44 

3.1 

1.6-0.4 

28 

N.catari halis 

3.1 

1.6-0.4 

29 

S. mitis 

12.5 

6.3-3.1 

30 

S. mitis 

12.5 

6.3-3.1 


♦Patient T. T , am conjoin, 0 5 gin. t»\ erv 0 liours started on June 27 aftei sputum and blood were 
obtained foi cult me 

% Organism liom blood uiltuie, all otheis fiom sputum. 


bites and ticks removed from her body 7 to 10 days before the onset of 
headache, severe stiff neck, and a rash. The spinal fluid was entirely 
negative. Symptomatic improvement was rapid and the patient was 
afebrile within 18 hours of the first dose. An initial blood culture was 
positive for group I meningococcus. Subsequent blood cultures were all 
negative. 

Typhoid Fever , Salmonella Infections, and Colon Badllemia . Of the 5 
cases of typhoid fever, 4 were in children under 5 and one was in a man 
60 years old. Treatment in the children was begun between the 5th and 
10th day of illness. They all had positive blood cultures before aureomycin 
was started, but those taken after 1 or 2 days of therapy were all sterile. 
In the older patient, treatment was begun 4 days after a relapse with 
severe symptoms. Bacteremia in this patient persisted during 6 days of 
aureomycin therapy. The cultures of mine and stools in all of the 5 pa¬ 
tients were negative for S. typhosa after the second day of treatment. 
Isolation of Salmonella from stools obtained during aureomycin treat¬ 
ment, however, was difficult, because the cultures were frequently over¬ 
grown with Proteus . Symptomatic improvement occurred soon after 
treatment was started in only 1 of these 5 patients and was more gradual 
in the others. Evaluation of the effect of the drug in these patients with 
typhoid fever w r as very difficult. 

The illness in each of the 3 patients with the other Salmonella infections 
was very severe. Clinical and bacteriological improvement occurred in 
only one of them in relation to the onset of treatment. One of the 2 pa¬ 
tients with S. neivport infection and the patient with S. suispestifer bac¬ 
teremia died, and the Salmonella persisted in these 2 patients throughout 
3 and 11 days, respectively, of treatment with aureomycin, 0.5 gm. every 
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6 hours by mouth and 20 mg. intramuscularly twice a day. Autopsy re¬ 
vealed no focus in the former, and a large vertebral and psoas abscess 
which yielded 8. suispestifer was found in the latter. 

A patient with a persistent colon bacillus bacteremia and evidence ot 
infection and possibly of malignancy in the abdomen showed temporary 
symptomatic improvement during treatment with aureomycin by mouth 
The bacteremia recurred, however, and the patient died after an in¬ 
testinal hemorrhage. There was no autopsy. 

The relevant bacteriological findings in these 0 patients are sum¬ 
marized in table 5. 

Table 5 

Bacteriological Findings in Cases of Salmonella Infections and in Colon 
Bacilleuia Treated with Aureomycin 

Positive cultures in relation to 




Sensi¬ 


aureomycin therapy 


Clinical 

Pa¬ 


tivity 

- 

— - 

tient 

Organism 

pg. 'ml. 

Source 

Befoie During 

After 

result 

R.H. 

S. typhosa 

12.5 

Blood 

+ o 

0 

Good 



Stool 

4- o 

0 

Doubtful 

J.H. 

S. typhosa 

12.5 

Blood 

+ — 

— 



Stool 

+ + lday 

0 

Good? 

L.O. 

S. typhosa 

12.5 

Blood 

+ + 1 day 

— 



Urine 

0 0 

— 





Stool 

0 0 

— 


M.O. 

S. typhosa 

25 

Blood 

+ 0 

— 

No effect? 



Urine 

0 0 

0 





Stool 

0 0 

— 


•V.L. 

S. typhosa 

6.3 

Blood 

+ +6 days 

— 

No effect? 



Urine 

0 0 

0 





Stool 

+ o 

0 


M.E. 

S. typhosa 

(chronic carrier) 

12.5 

Stool 

4- *4- 8th day 

+ 

No effect 



Duodenum — + 30th day 

— 

Good 

P.E. 

S. newport 

25 

Blood 

0 0 

0 



Urine 

0 0 

— 





Stool 

+ o 

0 


CM. 

S. newport 

6.3 

Blood 

0 — 

+ A* 

Died 



Urine 

+ — 

+ A 





Stool 

+ + 

+ A 


A.A. 

S . cholerae suis 

6.3 

Blood 

+ + 

+ A*' 

Died 




Urine 

0 — 

— 


F.S. 

E. coli 

12.5 

Blood 

+ + 

* 

Died 

•A - 

Autopsy culture. 

• 






** Same organism from vertebral and psoas abscess and from liver at autopsy. 

Urinary Tract Infections . The cases of urinary tract infections that were 
treated with aureomycin were all severe. Seven of the 16 included in this 
study received a second course of a larger amount of aureomycin by 
mouth after an interval of about 2 weeks. All but one of these 16 patients 
were known to have urinary tract infections longer than one month, and 
in some instances, the infection had persisted for many years. In almost 
every instance there was a prolonged history of complicating factors such 
as urinary retention, frequent instrumentation, prostatectomy, uroli¬ 
thiasis, and chronic or recurrent acute cystitis and pyelonephritis. One 
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or more chemotherapeutic or antibiotic agents had previously been used 
in most of these patients without producing prolonged remissions. 

Only one of the patients had acute pyelonephritis and had received no 
previous treatment. It is obvious, therefore, that the severest and the least 
favorable types of cases were chosen for an evaluation of the efficacy 
of aureomycin. 

The predominant clinical symptoms in these cases were dysuria, poor 
sphincter control, nocturia, frequency and cloudy urine. The cultures ob¬ 
tained before aureomycin treatment usually revealed pure cultures of a 
single strain. In most patients who received a second course of aureo¬ 
mycin, organisms other than those initially present had appeared either 
during or after the first course. 

Aureomycin was given, usually for 7 days, in doses of 0.5 gm. morning 
and evening. Those who were retreated received 0.5 gm. 4 times a day. 
The effect of still larger doses is now being studied. Only 4 of these pa¬ 
tients were hospitalized during treatment. 

In general, pyuria diminished markedly during therapy and disap¬ 
peared entirely in about half of the cases while treatment was still being 
given. Symptomatic relief occurred at the same time in most instances; 
the burning on urination, nocturia and frequency all diminished. The 
urines became sterile during treatment in most of the patients. In some 
of the patients Proteus and Pseudomonas , and in 2 instances E. coli , 
either first appeared or persisted during aureomycin treatment. Infection 
recurred within a few days in most instances, with either the same or with 
different types of organisms. The most persistent organisms were the 
Proteus and, indeed, these seemed almost to flourish, but Pseudomonas 
also could not be eradicated. 

Good results of a permanent nature were, therefore, infrequent in 
these cases of chronic urinary tract infections. Temporary relief, either 
slight or moderate, resulted in two-thirds of the cases. 

A summary of the bacteriological findings, including the aureomycin 
sensitivity of the various strains isolated, is given in table 6. It is seen 


Table tt 


Organisms Isolated *rom Oases of Urinary Tract Infections Treated with 

Aitreomycin 


Organism 

Streptococcus mitis 
Klebsiella pneumoniae 
Aerobader aerogenes 
Escherichia colt 
Pseudomonas aeruginosa 
Proteus vulgaris 


Number of cases 


Vo. 

Sensi¬ 



After 

of 

tivity 

Before 

During 

Pi*- 1 

ixg./rid 

Rx 

Rx 

Rx 

1 

6.3 

1 

0 

0 

1 

50 

1 

1 

3* 

9 l 

6.3-100 

7 

4 

9* 

6.3-100 

11 

6 

3 

4 l 

200-250 

a 

3 

4 

7< 

125-250 

4 

8 

9 


* Two of these were the only strains of this organism resistant to 50 or 100jig./ml. 
t Superscripts indicate number of cases included in which the same organism was isolated 
2 separate courses of therapy. 


in relation to 
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that the more resistant organisms, particularly Proteus and Pseudomonas , 
were the ones which persisted throughout treatment or appeared after 
treatment with aureomycin. 

Lymphogranuloma Venereum . One patient with bilateral inguinal aden¬ 
opathy of two weeks’ duration and a positive Frei test was given a total 
of 40 gm. of aureomycin by mouth over a period of 20 days. The inguinal 
nodes on the right had enlarged progressively and became increasingly 
tender during the previous 2 weeks, and 2 days before treatment began to 
discharge foul pus w hich was bacteriologically sterile. During the aureo¬ 
mycin therapy, drainage and tenderness on that side diminished markedly 
within 4 days, and subsided almost completely after 2 weeks. The sinus 
tract persisted and looked clean and the swelling regressed considerably 
The nodes on the left increased in size and in tenderness during the treat¬ 
ment; they became fluctuant by the 11th day, and were aspirated on that 
day and again on the 18th day. There was progressive diminution in the 
swelling and tenderness, but no sinus tract developed. After aureomycin 
was discontinued, sulfadiazine was given for 5 days without evidence of 
any further improvement. 

Measles. A 4-year-old child w'as given 1 gm. of aureomycin during the 
third day T of fever and first day of rash. Fever persisted at 104° to 105° 
and the drug w as discontinued because of looseness of the bow’els and 
prostration. The course in this child w’as identical to that of his brother, 
w ho w’as not treated. 

Xon-specific Urethritis . Two patients were referred by Dr. Howard M. 
Trafton, because of persistent urethritis in spite of repeated therapy with 
penicillin, sulfonamides, and streptomycin. Cultures w T ere negative for 
Gonococcus and in one of the patients a pleuropneumonia-like organism 
was isolated. In the latter patient, a total of 9 gm. of aureomycin was 
given by mouth over a period of 6 days. The patient was symptomatically 
improved within 3 days and the discharge stopped and only occasional 
cells could be seen in the prostatic smears. Cultures w r ere negative after 
treatment. The other patient w r as given 11 grams in 5 days. He became 
asymptomatic quite rapidly. The discharge began to clear before the 
treatment w*as ended and w’as completely gone within 11 days. 

Toxicity . Significant toxic effects w^ere notably absent. Doses of 250 mg. 
or less, twice a day, tvere used in adults at first, but these have been in¬ 
creased progressively until recently an initial dose of 4 gm. with daily 
doses of 2 gm. have been used in many cases. The treatment has been 
maintained in most patients, except those with gonorrhea, for 1 to 2 
w r eeks on this dosage and as long as one month on a dose of one gram a 
day. Minor symptoms were more frequent with the higher doses. 

The commonest complaint during oral therapy with aureomycin w v as 
looseness of the bow r els with frequent, bulky, and soft stools. True diar¬ 
rhea was uncommon. Normal bow’el action again occurred when the drug 
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was discontinued or when the dose was temporarily decreased. Nausea 
and, occasionally, vomiting occurred after one or more doses in a few 
patients but could not always be related to the treatment. In some of the 
patients with cystitis, a disagreeable sensation of as something "draw¬ 
ing” or “squirming” in the pelvis was noted. This may be related to the 
high acidity of the urine during ingestion of large doses of aureom.vcin. 
Other symptoms were not noted. 

The patients treated in the hospital were followed carefully with fre¬ 
quent blood counts and in some of them liver function tests were done. 
Anemia ascribable to the drug did not occur. No depression of the cells 
in the granulocytic series was observed. There w r as no evidence of renal 
irritation as manifested by rising non-protein nitrogen levels in the blood, 
albuminuria or appearance of cellular elements in the urine. Jaundice did 
not develop in any of the patients, nor was there any evidence of liver im¬ 
pairment developing after treatment w r as started. No rashes or fever 
ascribable to the drug were observed. In a 3-year-old patient with typhoid 
fever, fever recurred and increased after the temperature had almost 
reached normal. The patient remained otherwise w r ell and was, therefore, 
suspected of having drug fever. A single 200 mg. dose given after the child 
again was afebrile for a few days produced no fever or symptoms, so that 
the relation of the drug to the persistent fever could not be evaluated. 

Intramuscular doses were used in only 3 patients. In the first of these 
patients, the injection of 20 mg. caused considerable local pain, but in the 
others, who w*cre severely ill and w r ere given similar amounts repeatedly 
for several days, there was no apparent discomfort. Sterile saline was used 
as a diluent in these latter cases. 

Bacterial Resistance. Studies of the sensitivity of the organisms which 
were obtained in the same patients before, during, and after treatment 
with aureomycin yielded no evidence of the development of bacterial 
resistance to aureomycin in vivo. 

Conclusions 

Aureomycin by mouth in the doses used exerted a definite beneficial 
effect in the ooecal infections. The results in the cases of gonorrhea, 
however, were inferior to those obtained with adequate amounts of peni¬ 
cillin. In the xirinary tract infections, w'hen the bacteriological findings 
and the type of cases chosen for treatment are taken into consideration, 
the results w'crc favorable and may be comparable with, or possibly su¬ 
perior to those result ing from the use of streptomycin in similar cases. 
Infections with Proteus vulgaris and Pseudomonas aeruginosa, however, 
were not benefited by aureomycin. The results in the cases of typhoid 
fever and of severe Salmonella infections w T ere equivocal. The only evi¬ 
dence of toxicity was the occurrence of copious, loose bowel movements 
when large doses were given by mouth*. Resistant organisms did not de¬ 
velop during treatment with this antibiotic. 
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STUDIES ON SERUM CONCENTRATIONS IN HUMANS 
AND PRELIMINARY OBSERVATIONS ON THE TREAT¬ 
MENT OF HUMAN INFECTIONS WITH AUREOMYCIN* 

By Harhv F. Dowling, Mark H. Lepper, Lewis K. Sweet, 
.and Robert L. Briokhousk 

George Washington Cniverxitj y Mtdicul Division and Infectious Disease Kervict 
Gallinger Municipal Hospital, and Ilipartments of Medicine and Pediatrics, 
Gcorqi Washington University, Washington, I). C. 

AUREOMYCIN,* a new antibiotic, which has been found to be 
'”*■ effective in vitro and in animals against a variety of microorganisms, 
has been employed by us in human infections. In the present paper, we 
are reporting the results of preliminary studies, which include: (1) The 
determination of the concentration of the antibiotic in the blood after 
oral and intramuscular doses, (2) observation of patients for toxic reac¬ 
tions after single and multiple doses, and (3) clinical tests in a few 
patients. 

Determination of Blood Aureomycin Concentrations. Attempts were 
made to determine the amount of aureomycin present in the serum with 
the use of the tube dilution method, making readings after twenty-four 
hours as in the determination of penicillin and streptomycin. It soon be¬ 
came apparent that the inhibiting effect of aureomycin upon bacteria was 
seldom present for as long as twenty-four horn's. Incubation at 37° C. of 
1 microgram per ee. or less of aureomycin, in tryptose phosphate broth, 
thioglycollate medium, or human serum, showed that only one-sixteenth 
to one-thirty-second of the original activity remained after eight hours. 
Neither the presence or absence of organisms, nor culturing under oil, 
made any difference in these results. 

The effect, of the antibiotic upon the growth of a strain of Bacillus 
cfircwaf is shown in figure 1 . This test was performed by placing in a 
series of tubes 3 cc. of a 1:10,000 dilution in tryptose phosphate broth of a 
Ui-hour culture of Bacillus arcus. To one tube, 1 cc. of sterile broth was 
added and to other tubes, aureomycin in broth, to make a final dilution 
of 10, 2.5, 0.025, and 0.039 micrograms, respectively. The tubes were 
incubated at 37° ('. and at 1, 2, 4, (i, 8, 12, and 24 hours after the start 
of incubation, 0.1 ce. of the mixture was withdrawn from each tube, 
diluted 1:1000 or 1:10,000, and plated after mixing with nutrient agar. 
The number of colonies on each plate were counted after twenty-four 
hours’ incubation. 

* Supplied by the Lederlc Dabontonos Division, American Cyanamid Company, 
f This strain was known as liurillua No. /> and was supplied by Mr. A. C. Dornbusk. 

[2411 
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Figcke 1 shows the lesult ot a topical expenment Plates taken liom 
the contiol tube (without auieonrycm) contained colonies too numerous 
to count (ITC) fiom the sixth hour on Ihe mixtiue containing 10 mic 10 - 
giams pei cc ot auieomycm inhibited giowth ol all oigan^ms tiom the 
eighth houi on while those with smallei amounts of auieomycm showed 
inhibition of giowth up to the twelfth houi and giowth again bv the 
twento-touith houi In lepeated expeiiments, the pcuod of maximum de¬ 
pression ot the bacteinl count w is found to be between the touith and 
the twelfth houis 

From oui data, theieioie it would appeal that when a method ot ass n 
is used m which leadings are made at twcnty-foui horns, only those con- 
eentiations aie detected which aie high enough initially to have com¬ 
plete bactericidal action befoie the auieomycm ib inactivated oi which 
are high enough initially to letam some bactenostatic action toi 1 wento- 
tour houib 

Since auieomycm is meielv bactenostatic m low concent! at ions, in 
determining seium concentiationb in patients, we followed the method of 
Dombush, 1 namely, incubation for four hours m a water bath Ihe only 
modification of his method was the use of tiyptose phosphate bioth 

Tables 1 , 2, and 3 show the serum concentrations of aureomycm aftei 
the administration of single doses mtramusculaily or by mouth Aftei 





Dowling rl at Scmm Concent i a nous in Humane 243 

I \BLl 1 


NTumbdb of SprciMiNs vt I uii Blood C ovclntr\tion vftlr 
Vdminimhmion oi 100 uc I M 


C via tit atim 

t 

2 0 

10 2 

0 5 

0 2 ) * 

0 12 > 

0 0 (> 

0 

l ot il 5 


IIou s 

> f s 

1 

I 

2 

1 i 

1 t 1 

% r > 2 


1* IS U 


2 

i ! 1 

1 5 

<> 1 6 


the mti amuse uLu injection ot KXImg to adults (i\bla 1) thepeakcon- 
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detectable in the sera of all patients tested at the twelfth hour. After the 
oral administration of 300 mg., the peak levels were not as high as with 
700 mg , but aureomycin was still detectable in the serum of all the pa¬ 
tients at twelve hours. 

Five patients who received 10 mg. per kilogram of body weight at six- 
hour intervals showed no appreciable difference in serum concentrations 
on the third to the seventh day of treatment compared with the first day 
of treatment. Although the optimal dosage schedule still needs to be 
worked out, it appeal’s that oral doses of 5 to 10 mg. per kilogram at six- 
hour intervals are sufficient to assure that measurable amounts of aureo¬ 
mycin will be consistently present in the blood. 

Toxic Reactions . We have observed no untoward reactions to aureomy¬ 
cin, except pain at the site of intramuscular injection. This pain was 
present in all of our patients who were given intramuscular injections. 
The dose varied from 100 mg. to 1400 mg. The pain was an immediate 
stinging or aching sensation at the site of injection which lasted from 15 
minutes to 2 hours. It was more intense and lasted longer when the larger 
do&es were given. In no instance was there any delayed reaction or any 
generalized effect from the injections. We have given aureomycin intra¬ 
muscularly to patients in doses of 5 to 1400 mg. and orally in doses of 100 
to 700 mg. as shown in tables 4 and 5 


Table 4 


Xi MBhK o* Patients Treated Inirvmi m'iiiakm 


Dost 

•mg.) 


Sinqli dos°< 


Pt. ham s 


100 

300 

350 

700 

1400 

Multiple {daily) dose# 

5, 10 <fe 20 
40.80,160,320 
700,300, 350 


2 

3 

2 

1 

l 

1 

1 


3 

4 
3 


Table 5 


Ncmbbr of Patients Treated Orali/i 

Dost 

{mg.) Single doses 

700 

350 

300 

\f ultiple doses 

700 q6b 
700 q6h 
300 q6h 
250 q6h 


Pt. Days 


11 

1 

4 

2 7 

1 3 

1 7 

1 6 
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Observations on Patients Treated. Four patients with typhoid fever were 
treated. In two, the treatment was started during the second week and 
in two, during the third week of the disease. The patients received 10 mg. 
per kilogram of body weight orally every four hours. No effect upon the 
clinical course was observed. Blood cultures remained positive during 
treatment and, in one patient, the sensitivity of the organism changed 
from 0.(5 micrograms per cc. to 20 micrograms per cc. during six days of 
therapy. E. typh i could not be cultured from the stools of any of the 
patients however, after therapy was started. 

Two patients with Rocky Mountain spotted fever were treated. The 
first, an 11-year-old boy, was given 300 mg. every six hours. The tem¬ 
perature began to subside within twenty-four hours and was within 
normal limits in sixty hours. The rash began to disappear with the drop 
in temperature and was entirely gone in twenty-four hours. Aureomycin 
therapy was continued for five days and recovery was uneventful. 

The second patient, a 43-year-old man, had been under treatment with 
sodium para-amino-benzoate for 10 days without effect. He was dis¬ 
oriented and had continuous fever of 104° to 105° F. Other medication 
was discontinued and aureomycin treatment started in doses of 700 mg. 
every six hours. Fever and toxicity began to subside within twelve hours. 
The temperature reached normal, forty-eight hours after the start of 
therapy, and remained within normal limits thereafter. Aureomycin 
treatment was given for five days altogether and recovery was uneventful. 

Summary 

1. Assayable serum concentrations of Aureomycin may be obtained 
when the antibiotic is given by either the intramuscular or the oral route. 
The former is somewhat painful so that the oral route is recommended as 
a routine. Doses at six-hour intervals have been found to be satisfactory, 
although eight- or twelve-hour intervals may be sufficient. 

2. Four patients with typhoid fever showed no clinical or bacterio¬ 
logical response when treated with aureomycin, while two patients with 
Rocky Mountain spotted fever appeared to recover dramatically after 
the institution of aureomycin therapy. 
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USE OF 4UREOMYCIN ON SOME EXPERIMENTAL 
INFECTIONS IN ANIMALS 


By Paul A. Little 

Ijederle Labmatoi ws Division, Amo wan Ci/anamul Company Riail Riot), At. 1 

AUREOMYCIN has been tested in mice against experimental infec- 
**■ tions due to Eberthella typhosa and to Erysipelothrix rhusiopathiae. 
Baby chicks have been used to test Aureomycin against experimental in¬ 
fections due to organisms which are responsible for highly fatal, naturally 
occurring diseases of chicks. These organisms are Pasteurella multocida 
and Shigella gallinarum. We have found Aureomycin effective against 
the infections produced when each of these organisms was inoculated 
into the experimental animals. 

Table 1 summarizes the methods by which the different infecting 
agents were prepared for animal inoculation. 

TABLE I 


METHODS OF PREPARING INFECTING AGENTS 
FOR ANIMAL INOCULATION 


ORGANISM 

time of incubation 

OF CULTURE 
(37 C) 

SIZE OF 
INOCULUM 
(05 ML) 

E TYPHOSA 

24 HRS 

SUSPENSION* 

E. RHUSIOPATHIAE 

16 HRS 

I0" 4 DILUTION 

P MULTOCtOA 

6 HRS 

KT 2 DILUTION 

S. GALLINARUM 

6 HRS 

10* 6 DILUTION 

^Suspension From Blood Agar Plate Was Standardized To 

Contain about 

1 Billion Organisms Per Dose. 

All Dilutions Were Made In 2 Per Cent Peptone 

Solution. 


Eberthella typhosa is of interest as a representative of gram-negative 
organisms of the typhoid-paratyphoid group. The fact that the organism 
is not. naturally virulent for mice necessitated inoculating suspensions 
standardized to contain about 1 billion organisms per 0.5 milliliter dose. 
This amount of culture was obtained by suspending the growth from a 
blood agar plate in 2 per cent peptone solution. Given intra-abdominally, 
the dose killed mice in 24 hours. 

Erysipelothrix rhusiopathiae is the cause of the economically important 
disease, swine erysipelas, and is naturally infectious to many animals 
including man. Our demonstration of the ability of Aureomycin to pro- 
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tect mice against E . rhusiopathiae serves to differentiate the mode of 
action of this antibiotic from that of Polymyxin which is effective against 
E. typhosa but not against E. rhusiopathiae. Since the org anism is highly 
virulent for mice, we used 0.5 milliliter of a 10~ 4 dilution of culture grown 
for 16 hours in bile-enrichcd yeast-extract broth. The organism has a 
peculiar nutritional requirement for fatty acids furnished by bile. The 
inoculum used contained at least 1000 minimum lethal doses and killed 
mice in 48 to 72 hours. 

Pasteurella multocida is of interest as a representative of the group oi 
gram-negative organisms which includes Pasteurella pestis . Besides caus¬ 
ing fowl cholera, this organism produces rapid and highly fatal infections 
in all species of domestic and wild animals, but is innocuous to man. We 
inoculated one-day-old chicks intra-abdominally with 0.5 milliliter of a 
10" 2 dilution of culture grown for 6 hours in yeast-extract broth. This 
amount of inoculum contained at least 100,000 minimum lethal doses 
and killed chicks in 24 to 48 hours. 

Since it is unusual to employ chicks as laboratory animals for bacteiio- 
logical studies, it may be of interest that they weigh about 40 grams 
when one day old and may be injected intra-abdominally as many as six 
times a day without fatality. We used a pure strain of New Hampshire 
Red chicks furnished by a local hatcheiy. 

Shigella gallinarum , the cause of fowl typhoid, is of interest because it 
produces typical symptoms of typhoid in the chick. We used 0.5 milliliter 
of a 10 -6 dilution of culture grown for 6 hours in yeast-extract broth. This 
amount of inoculum, injected intra-abdominally, contained at least 100 
minimum lethal doses and killed chicks in 72 to 120 hours. The culture 
was also virulent when given by mouth. 

Experimental Results 

In testing Aureomycin against E. typhosa in mice, we have studied the 
effect of starting treatment hour before inoculating the culture, and 
the effect of delaying treatment until Y<l hour after culture. In both ex¬ 
periments the doses of Aureomycin were divided and the half dose was 
given intra-abdominally at 9 A.M. and 5 P.M. for three days. 

Figure 1 shows the endpoint of activity of Aureomycin when treat¬ 
ment was started hour before culture. One milligram per kilogram per 
day did not protect; two milligrams gave 50 per cent; four milligrams 
gave 80 per cent; eight milligrams gave 100 per cent protection. The 
actual amounts of Aureomycin administered may be of interest. To 
obtain 50 per cent protection, doses of 0.02 milligram were given at 
9 A.M. and 5 P.M. for three days. To obtain 100 per cent protection, 
doses of 0.08 milligram were given. 

Figure 2 shows the effect of delaying treatment until hour after 
inoculating the culture. The range of from 5 to 40 milligrams per kilo¬ 
gram per day includes the smallest amount of Aureomycin expected to 
give complete protection on the basis of the results of the previous ex- 



248 Annals: New York Academy of Sciences 



MILLIORAMS/KILOGRAM / OAY 

Figure 1 \ction of \ureomjcin .igainat h. tiipkosu . Tieatment st«ut«*<l l 2 houi 
before culture. 

periment. This amount of Aureomycin gave 90 per cent protection under 
the conditions of the test. To obtain this result doses of 0.05 milligram 
were given at 9 A.M. and 5 P.M. for three days. Only 70 and 80 per cent 
protection were obtained with 10 and 20 milligrams per kilogram. Com¬ 
plete protection was obtained with 40 milligrams. The curve does not 
show a different endpoint of activity from that demonstrated in our first 
experiment. Since 100 per cent of mice receiving 40 milligrams per kilo¬ 
gram lived, the curve does not show a loss of mice which might be attri¬ 
buted to toxicity of the antibiotic. The losses of mice incurred in this 
experiment appear to be due solely to the severity of the test conditions. 
In other words, the results illustrate the well-known importance of early 
treatment. 

Figure 3 shows the endpoint of activity of Aureomycin when used to 
treat mice infected with E. rhusiopathiae . The doses were divided and the 
half dose given at 9 A.M. and 5 P.M. for three days, starting hour 
before culture. Four milligrams per kilogram per day did not protect; 
eight m i l l i grams gave 20 per cent; fifteen milligrams gave 80 per cent; 
thirty milligrams gave complete protection. To obtain 50 per cent protec- 
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tion would require 11.5 milligrams as compared to 2 milligrams required 
in our tests with E. typhosa. Apparently 5 to 6 times as much Aureomycin 
is required in treating infections due to E . rhusiopaihiae as in treating 
infections due to gram-negative bacteria. It is of interest that penicillin 
is also effective against E. rhusiopathiae. 

Figure 4 shows the endpoint of activity of Aureomycin when used to 
treat one-day old chicks infected with P. multodda. In this experiment, 
the chicks received intra-abdominal injections of Aureomycin once daily 
for four days, starting Yi hour before culture. Two milligrams per kilo¬ 
gram gave 60 per cent protection; five milligrams gave 90 per cent; and 
ten milligrams gave complete protection. Even though the chicks received 
only one treatment per day, the amount of Aureomycin required to give 
50 per cent protection corresponds closely with the result of our tests 
with E . typhosa. In these experiments, two milligrams per kilogram per 
day appears to be the smallest effect dosage of Aureomycin. 

Figure 5 shows the results of an experiment in which Aureomycin was 
administered by the intramuscular route and treatment was delayed 
until 1 2 hour after culture. The doses were divided and the half dose given 
in the right leg at 9 A.M. and 5 PAL for four days. Ten milligrams per 
kilogram failed to protect; twenty milligrams gave 30 per cent protec¬ 
tion; and forty milligrams gave 80 per cent protection against P. multo- 
cida. This experiment answers a question which might be raised with 
respect to the previous experiments as to whether or not the antibiotic is 
active when given by a different route from that used in inoculating the 
culture. 

Figure 6 shows the effect ot orally administered Aureomycin in treat¬ 
ing chicks infected with P. multocida. The antibiotic was mixed with a 
commercial chick starter and fed ad libitmn for four days, starting 24 
houi^ before culture. The chicks were one day old when introduced to the 
diet and tw o day* old when inoculated with culture. At this age, chicks 
eat about 1 gram of feed per day. This approximation was used in de¬ 
termining the position of the curve with respect to milligrams of anti¬ 
biotic per kilogram body weight per day. Three preparations of feed were 
used in this experiment. One contained 0.2 milligram of Aureomycin per 
gram; one contained 0.5 milligram; and one contained 1 milligram. In 
preparing 1 milligram of Aureomycin per gram of feed, we dissolved 500 
milligrams of antibiotic in 5 milliliters of distilled water and added this 
to 500 grams of commercial chick starter. The container was cleaned by 
fhe absorbing action of the dry feed. 

The diet containing the smallest amount of antibiotic had some pro¬ 
tective effect since the culture regularly killed 100 per cent of untreated 
controls. The diet containing 1 milligram of antibiotic per gram pro¬ 
tected 50 per cent of chicks. These chicks appear to have consumed 20 
milligrams of antibiotic per kilogram body weight per day. 

Figure 7 shows the action of Aureomycin against gallinarum in 
chicks. In preliminary experiments we had found that this organism was 
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resistant to twice daily doses of the antibiotic. In figube 7 we have com- 
pared the effect of 12 doses of 1 milligram, given at 4-hour intervals, and 
the effect of 36 doses. The more intensive treatment protected 70 per 
rtpnt of r.hiMrvi 



TREATMENT OF EXPERIMENTAL INFECTIONS 
WITH AUREOMYCIN*f 

By Morton S. Bryer, Emanuel B. Schoenbach, 
Eleanor A. Bliss, and Caroline A. Chandler 

Depa/tmcrU of Preventive Medicine , 

The Johns Hopkins Umveisity School of Medicine. 

Baltimoie , Maryland 


AUREOMYCIN is an antibiotic derived from a strain of Strepto - 
myces. It was supplied as a yellow crystalline hydrochloride salt 
which is soluble in distilled water but somewhat less soluble in normal 
saline solution. These solutions are acid (pH 4.5) and their activity de¬ 
teriorates rapidly with increasing pH at room temperature. 

Much of the in vitro work, including the methods of biological assay 
utilized in securing body fluid levels, has been described by Dr. Chandler 
and Dr. Bliss. J It is the purpose of this presentation to describe some of 
the pharmacological studies and experimental infections which have been 
performed. 

Toxicity. The acute toxicity ot aureomycin was determined in mice and 
dogs. All mice survived a single intravenous injection of 50 mg./kg. Six 
out of 7 mice died after receiving 100 mg. kg. Dogs developed transient 
hyperpnea, generalized weakness, and anorexia following rapid intra¬ 
venous injection of 50 and 100 mg. kg. Injection of 150 mg,/kg. was fol¬ 
lowed by grunting respirations, tremors, generalized paresis, and som¬ 
nolence. Death occurred (3 hours after administration of this dose. At 
autopsy, hemoglobinuria was noted in the bladder urine. Since all intra¬ 
venous injections were with 10 per cent aureomycin in distilled water, the 
acidity of such a large dose may well have caused hemolysis. 

The majority of mice survived, for a period of 7 days, single subcutane¬ 
ous injections up to 3000 mg. kg. Only occasional deaths occurred in 
animals receiving 1000 to 3000 mg. kg. All mice died when 4000 mg. 'kg. 
was administered subcutaneously. Death was preceded by hyperpnea, 
anorexia, tremors, ataxia, and paresis. 

Rats tolerated subcutaneous injections of 50 mg. kg. once daily for 8 
days with only slight weight loss and mild local inflammatory reaction at 
the injection site. A dog which received 20 mg. 'kg. intramuscularly twice 
a day for 9 days had marked persistent anorexia and progressive weight 
loss. Induration, necrosis, and fluctuation of the injected tissues was 
noted. The rats and dogs were injected with aureomycin at a concentra- 


Cyan«ttfd d Company experiments * ns applied by the Lederlc laboratories Division, American 
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Table 1 

\cute Toxicity of Aureomycin (HCl» 

Animal 


Mode oj 

Dost 

-- 

— 

Death in 

Survival 

administration 

mg./ kg. 

Vyp( 

No 

‘4 day* 

7 days 

Intravenous (rapid) 

50 

Mice 

3 

0 

100% 


100 

Mice 

7 

<> 

14% 


250 

Mice 

1 

1 

0 


500 

Mice 

1 

1 

0 


50 

Dog 

1 

0 

1 


100 

Dog 

1 

0 

1 


150 

Dog 

1 

1 

0 

Subcutaneous 

500 

Mice 

10 

0 

100% 


1000 

Mice 

14 

1 

93% 


1500 

Mice 

10 

1 

90% 


2000 

Mice 

17 

2 

88% 


3000 

Mice 

6 

2 

77% 


4000 

Mice 

5 

5 

0 


bigns of infOMcatiou— Rapid respirations, ti emeus, aldAia, and paresis 


tion of 2.0 to 10.0 per cent in 1.0 per cent procaine hydrochloride in dis¬ 
tilled water. 

Three drops of 0.25 per cent and 1.0 per cent aureomycin borate solu¬ 
tion were instilled locally into the conjunctival sac of a rabbit. No im¬ 
mediate or delayed local reaction was noted. 


Table 2 

Aureomycin (HCl) Chronic Toxicm 
Dosage schedule 


Animal 

Rati 

2 

3 

4 

Daily dose 
mg./k. 

50S.C. 

50S.C. 

Control 

Control 

No. 
doses 
per day 

1 

1 

No. 

days 

adtnirir 

istered 

8 

8 

Total 

dose 

mg. 

112 

130 

Observed for 
lOdays 
Remarks* 

12 gm. wi. loss 

10 gm. wt. loss 

3 gm. wt. gain 

20 gm. wt. gain 

Dog 1 

40I.M. 

2 

9 

2,280 

1200 gm. wt. loss. 
Marked reaction at 
site of injections 

2 

40I.M. 

1 

1 

160 

Well tolerated 

Rabbit 1 

20I.M. 

1 

1 

70 

Well tolerated 

2 

Locally 0.25% 

1 

1 

0.5 

No reaction 


in the 1.0% 
eye 

(borate) 

1 

1 

2.0 

No reaction 


8.C. — Subcutaneously. 

7.3/. Intramuscularly. 

Locally —3 drops of the borate was instilled locally in the eye. 

• Animals were observed for changes in weight and hemoglobin. Urine was examined for proteinuria, 
volume, specific gravity, and microscopic elements. 




256 Annals: New York Academy of Sciences 

Table 3 

Assay or Body Fluids or Animals Injected Intramuscularly with Aureomycin 






Levels of aureomycin 



Day of 


gamma/cc. 


Dosage 

adminis¬ 

Interval post 



AninnL 

Serum 

Sp.fl. unne 

schedule 

tration 

last injection 

Rabbit 

20 mg. kg. 

1 

0 

0 



single 


30 Min. 

1.25 



dose 


1 Hour 

1.25 





2.5 Hrs. 

0 





3.5 Hours 

0 





6 Hours 

0 


Dogl 

40 mg./kg. 
single 

1 

0 

0 

0 



15 Min. 

1.2 

0 


dose 


30 Min. 

Trace 

0 




1 Hour 

0 

0 




2 Hours 

0 

0 

2 


1 

0 

1 Hour 

0 

Trace 



for 10 

2 

1 Hour 

0 



day-? 

4 

15 Hours 

0 



6 

1 Hour 

15 Hours 

1.25 

Trace 






10 Hours 

Trace 




10 

5 Min. 

0.6 

0 




30 Min. 

0.6 

0 




2.5 Hours 

0.3 

0 >64 


Autopsies were performed on mice, rats, and dogs which had received 
large (up to 3000 mg./kg.) and repeated doses (total up to 400 mg./kg. 
over a period of 9 days) of aureomycin. No gross or microscopic* ab¬ 
normalities in the liver, kidney, heart, or bone marrow were noted in 
any of the animals. However, necrosis of tissue occurred at the local in¬ 
jection sites. Mice which had received aureomycin by intubation showed 
evidence of local erosions of the gastric mucosa. These were colored 
yellow by the drug. 

Levels in Body Fluids . Blood serum levels were obtained following single 
intramuscular injections of 20 mg./kg. in rabbits and 40 mg./kg. in dogs. 
Levels of 1.25 micrograms/ml. were recorded in the serum 15 minutes to 
one hour following the injections. No significant serum concentrations 
could be measured when serum was obtained more than one hour after in¬ 
jection of the drug. A dog received 20 mg./kg. twice a day for 10 days. No 
significant level was determined in the serum obtained more than 2.5 
hours after the last injection. Blood drawn at regular intervals one hour 
after injection during the period of administration of aureomycin con¬ 
tained 0.3 to 1.25 micrograms/ml. of serum. A random specimen of urine 
obtained on the 10th day contained 64 micrograms of aureomycin per ml. 
The antibiotic was not detected in the spinal fluid after parenteral ad¬ 
ministration. 

corroborated by Dr. Tobiaa Weinberg. 
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Therapeutic Effectiveness: Blood Cultures, Mice were infected intra- 
peritoneally with 10,000 LD’s of Pneumococcvs type I (SVI) and Strepto¬ 
coccus hemolyticus beta (C203). Complete clearing of the blood stream in¬ 
fection occurred when a loopful of tail blood was cultured 18 hours after 
subcutaneous treatment with three injections of aureomycin or penicillin 
G 5 mg./kg. each. The control mice all died with positive blood cultures 
in this period. Penicillin G protected a higher proportion of the mice 
from death when observed over a 7 day period. Only partial clearing of 
the K. pneumoniae A from the bloodstream was obtained with a dosage 
schedule of 10 mg./kg. three times daily. Polymyxin gave complete clear¬ 
ing of the bacteremia, and streptomycin almost complete clearing. The 
dosage of polymyxin and streptomycin employed was only one-tenth that 
of aureomycin used above. None of the mice which had received aureo¬ 
mycin survived a 7-day period, while 40 per cent survived when treated 
with the smaller dosages of polymyxin or streptomycin. 


Table 4 


Blood Cultures us Mice” Treyted With Aureomycin. 
Polymyxin, or Streptomycin 


<Hemolytic streptococcus C203, Pneumococcus SVI, or K. pneumoniae infection! 


.Vo. 

mice Organism 

K. pneu¬ 
moniae 
10,000 LD’S 

10 

10 

10 

16 


Hemolytic 

streptococcus 

pofiq 

10 10,000 LIVS 

10 
16 


Type I Pneu¬ 
mococcus SVI 
10 10,000 LD’S 
10 
16 


Per 

Tail blood cultures cent 



Dost 

mg.l 

kg. 

0 

Timt 

after 

infection 

2Hrs. 

Mouse 

sur¬ 
vival ? 
days 

Drug 

Untreated 

mice 

1 2 3 4 5 

+ + + + 1- 

Aureomycin 

30 

20Hrs. 

0 + 0 +t+t 

0 

Polymyxin 

3 


0 0 0 0 0 

40 

Streptomycin 

3 


0 0+00 

40 

Control 

0 


+t+t +t+t+t 

0 

Untreated 

mice 

0 

2 Hrb. 

0 0 0 0 + 


Aureomycin 

15 


0 0 0 0 0 

50 

Penicillin G 

15 

20Hrs. 

0 0 0 0 0 

80 

Control 

0 


+ !+t+t+t+t 

0 

Untreated 

0 

2Hrs. 

+ + + + + 


mice 

Aureomycin 

15 

20 Hrs. 

0 0 0 0 0 

90 

Penicillin G 

15 


0 0 0 0 0 

100 

Control 

0 


+t+t+t+t+t 

0 


* Mbino Swiss mice 18—44 gm. Initia dcse of dm# 4 hour* post mtraperitonea! infection and repeated 
T.I.D. for 3 days. Treatment subcutaneously, 
t Dead at 40 hours post iufectioo. 


Subcutaneous Injection . A single subcutaneous injection of 50 mg./kg. 
of aureomycin administered immediately after infection, protected 40 
per cent of mice infected intraperitoneally with 1000 LD’s of X. pneu- 
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moniae A, 30 per cent of those infected with Pneumococcus type 1 (SVi;, 
and 60 per cent of Streptococcus hemolyticus beta (C203) infected mice. 
Both polymyxin and streptomycin at the same dosage resulted in 90 
per cent of mice surviving the K. pneumoniae infection for the 7-day ob¬ 
servation period. A single injection of aureomycin was more effective than 
penicillin G when mice were infected with Pneumococcus type I (SVI). 
It was less effective than penicillin G when Streptococcus hemolyticus 
beta (C203) was the infecting organism. 
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Modes of Administration. The protection of mice infected intraperi- 
toneally with 1000 lethal doses of K. ■pneumoniae A, D. pneumoniae type 
I (SVI), and Streptococcus hemolyticus beta (C203), when treated with 
aureomycin administered by various routes, was investigated. Com- 



260 


Annals: New York Academy of Sciences 



munal feeding was begun 2 days before infection and continued for 6 
days thereafter, so that a daily dose of approximately 50 mg./kg. was 
ingested. The only survivors observed at the end of 7 days were those 
mice infected with Streptococcus hemolyticus beta (C203). Seventy per cent 
protection was noted. Similarly, gastric intubation with 50 mg./kg. be¬ 
gun immediately after infection and continued once each day for 3 days 
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protected 90 per cent of mice infected with Streptococcus hemolyticus only. 
Subcutaneous administration of aureomycin gave some protection against 
all organisms both when a single or multiple dose schedule was employed. 
Intraperitoneal injection was more effective than the subcutaneous route, 
although the former therapy was not instituted until 2 hours after 
infection. 
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Single and Multiple Doses. Comparison of different dosage schedules 
administered subcutaneously to mice infected with 1000 LD’s of K. 
pneumoniae A, D. pneumoniae type I, and Streptococcus hemolyticus 
beta, revealed that 6 to 10 mg./kg. given 3 times daily for 3 days resulted 
in more survivors than 50 mg./kg. given as a single dose. In the Pneumo¬ 
coccus infection, 5 mg./kg. 3 times a day for 3 days protected as well as 
a. single injection of 100 mg./kg. A 2 hour delay in treatment following 
infection resulted in a reduction of survivors. 
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Comparison of Aureomydn, Penicillin , Polymyxin , and Streptomycin . 
Parallel experiments were performed in mice infected with the organisms 
mentioned above. Penicillin G was employed for the infections with the 
gram positive organisms, while streptomycin and polymyxin were used 
for the K. pneumoniae type A infection. Aureomyein, when compared on 
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a mg. -'kg. basis, was as effective as penicillin when Pneumococcus type I 
was the infecting organism. Protection achieved against Streptococcus 
hemolyticus infection was somewhat inferior to penicillin. When all routes 
of administration were compared, the protection of mice infected with 
K. pneumoniae A and treated with aureomycin was definitely below that 
observed with polymyxin and streptomycin. 
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Table 5 

Comparison of Aureomycin, Polymyxin and Streptomycin 



(K 

Pneumoniae Inffctton)* 

Dosage schedules 

Pei cent survival 7 1 
post infection 

days 




Total 




Mode oj 

Homs 


Daily days 


btleD- 

adminis¬ 

after 

Injections 

dose ti eat - 

Au/eo- Polu- to- 

Con 

tration 

infection 

per day 

mg. /kg. ed 

mycin myxmmycintrols 

Subcutaneous 

0 

1 

100.0 1 

SO 


0 




5.0 


60 

0 




50.0 

40 

90 90 

0 



3 

15.0 3 

0 

LOO 

0 




30.0 

50 


0 




1.5 

60 20 

0 


2 

2 

30.0 3 

0 






3.0 


40 40 

0 

Intraperitoneal 

2 

1 

25.0 1 

40 

60 80 

0 

Gastric 







intubation 

0 

1 

50.0 3 

0 

70 50 

0 

Communal 

2 Days 

Fed 

50 7 

0 

0 0 

0 

feeding 

before 

continu- 

■ circa 





infection ously 





* Albino Swiss mice infected intraperitoneally with 1000 Ll>’s of K, pneumonia* 

\ (10 mice 

in each 

group). 









Table 6 




Comparison 

of Aureomycin and Penicillin (Pneumococcus SVI Infection) * 





Per cent survival 7 days 



Dosage schedule 

post infection 




Total 




Mode of 



Daily days 




adminis¬ 

Hours after Injections 

dose treat¬ 

Aureo¬ 

Peni- 


tration 

infection 

per day 

ing./kg. ed 

mycin 

ciUin Controls 

Subcutaneous 

0 

1 

100.0 1 

100 

20 

0 




50.0 

30 

0 

0 



3 

15.0 3 

100 

100 

0 




3.0 

30 

90 

0 


2 

3 

15.0 3 

90 

100 

0 

Intraperi¬ 







toneal 

2 

1 

25.0 1 

50 

0 

0 

Gastric 







intubation 

0 

1 

50.0 3 

0 

0 

0 

Communal 

2 Days 

Fed 

50 7 

0 

0 

0 

feeding 

before 

continu- 

circa 





infection 

uously 






* 10 Albino Swiss mire infected intraperitoneally with 1000 LD’n of Type I Pru umccoccvtt (SVI) in each 
group. 
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Table 7 

Comparison of Aureomtcin and Penicillin (Streptococcus C302 Infection)* 


Per cent survival 7 days 

Dosage schedule post injection 


M ode of 
adminis¬ 
tration 

Hours 

after 

infection 

Injections 
per day 

Daily Total 
dose days 
mg./kg . treated 

Aureo¬ 

mycin 

Peni¬ 

cillin 

Con¬ 

trols 

Subcutaneous 

0 

1 

25.0 

1 

70 

90 

10 




50.0 


80 

100 

0 



3 

15.0 

3 

100 

100 

0 




3.0 


30 

90 

0 


2 

3 

15.0 

3 

50 

80 

0 

Intraperi- 








toneal 

2 

i 

25.0 

1 

90 

90 

0 

Gastric intu¬ 








bation 

0 

1 

50.0 

3 

90 

60 

0 

Communal 

2 Days 

Fed 

50 

7 

70 

90 

0 

feeding 

before 

continu¬ 

circa 






infection 

ously 







* Albino Swiss mice infected intraperitoneally with 1000 LD’s of group A beta hemolytic streptococcus 
Ci03 flO mice in each group). 


Summary 

1. The approximate LD 60 for aureomycin administered intravenously 
to mice is between 50 and 100 mg./kg. The LD 50 for subcutaneous injec¬ 
tion is between 3000 and 4000 mg./kg. Rapid intravenous injection of 
150 mg. 'kg. resulted in hemoglobinuria and death of a dog. 

2. Repeated subcutaneous and intramuscular doses of aureomycin 
were well tolerated in rats and dogs except for local irritation, anorexia 
and weight loss. Autopsies revealed no gross or microscopic abnormalities 
of the viscera. 

3. A rabbit tolerated 1.0 per cent aureomycin borate locally in the eye. 

4- Serum levels of 0.3 to 1.25 micrograms/ml. were obtained wi thin l 

hour after parenteral administration. No antibiotic was detected in the 
spinal fluid. Urine contained a high concentration of aureomycin. 

5. Aureomycin administered to mice orally did not protect against 
Pneumococcus type I or K. pneumoniae A infection, but did protect 
against Streptococcus hemolyticus beta. Parenteral doses gave some protec¬ 
tion against all three infections. Multiple injections resulted in more 
survivors than the same amount given in a single dose. Delay in treat¬ 
ment resulted in a reduction of survivors. Penicillin afforded slightly 
more protection against infection with the gram positive cocci. Polymycin 
and streptomycin were superior in the K. pneumoniae infections. 




THE PHARMACOLOGY AND CLINICAL TRIAL OF 
AUREOMYCIN: A PRELIMINARY REPORT*! 

By Emanuel B. Schoenbach, Morton S. Bryer, and Perrin H. Lono 

Department of Preventive Medicine , 

Johns Hopkins University School of Medicine, 

Baltimore, Maryland 


AUREOMYCIN (A-377) is an antibiotic derived from a strain of 
Streptomyces. In vitro it has been shown to possess bacteriostatic and 
bactericidal activity verms various gram positive and gram negative 
bacteria. Protection of laboratory animals experimentally infected with a 
variety of bacterial and rickettsial agents as well as the virus of lympho- 
pathia venereum has been demonstrated. The toxicity of this antibiotic 
in mice and dogs was relatively low and clinical trial in selected infections 
was undertaken. 

The drug was obtained from the Lederle Laboratories Division of the 
American Cyanamid Company. It was supplied as the crystalline hydro¬ 
chloride salt in sterile vacuum dried ampoules each containing 20 milli¬ 
grams of drug (Lot numbers 7-7845, 7-8071A and 7-807IB), and more 
recently in gelatin capsules each containing 50 milligrams (Lot number 
7-8378). The antibiotic is a yellow powder soluble in distilled water and 
5 per cent glucose in distilled water. Solutions in normal saline precipitate 
when a concentration greater than 1 per cent of the drug is attained. The 
aqueous solutions are acid and when neutralized or made alkaline de¬ 
terioration of activity is rapid at room temperature. 

When the drug was injected intramuscularly into patients, dissolved 
in distilled water (also 2.5 and 5.0 per cent glucose solution), acute pain 
lasting several minutes followed by a dull drawing pain which persisted 
for approximately one-half hour was noted. The highest concentration of 
aureomycin attempted was a 1 per cent solution (20 milligrams in a 
volume of 2.0 cc.). Upon repeated dosages the local sites became erythe¬ 
matous and tender. When the drug was dissolved in 1 per cent novocaine, 
40 milligrams could be injected in a volume of 2.0 cc. The acute pain 
following the injection was then not observed, but the dull drawing pain 
did appear. Treatment of patients via the intramuscular route did not 
appear feasible in light of the low local tolerance to the drug. 

Oral dosage of aureomycin was well tolerated. A single dose of 0.5 
grams of a crude preparation was associated with loss of appetite and 
nausea. With more purified drug in gelatin capsules, nausea and vomiting 


* Aureomycin used in these experiments was supplied by the Lederle Laboratories Division, American 
Cvanamid Company. 

t These investigations were supported by grants received, from Abbott Laboratories; Eli Lilly and Com¬ 
pany; Lederle Laboratories Division, American Cyanamid Company; Parke, Davis and Company; and 
the Upjohn Company. 
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have been noted in only one patient on repeated occasions. The nausea in 
this patient was maximal following the early morning doses and was 
completely relieved when ]/2 ounce of an aluminum hydroxide prepara¬ 
tion (amphojel) was given with each 100 milligram dose of drug. Other 
patients and normal human subjects have exhibited no nausea on oral 
dosage of aureomycin. The highest dosage schedule employed to date has 
been 100 milligrams every two hours for a patient who weighed 40 
kilograms. 

Attempts to determine blood levels of this antibiotic have been quite* 
disappointing. One hour following an oral dose of 0.5 grams and an intra¬ 
muscular injection of 40 milligrams, a level of 0.6 micrograms per milli¬ 
liter of serum was obtained. When the drug had been given for 5 to 14 
days, intramuscular injection of 40 milligrams was followed by serum 
levels of 1.2 to 2.4 micrograms per milliliter. On oral dosage alone, no 
detectable blood levels have been obtained. The determination is beset 
with many difficulties, among which may be noted the neutralizing effect 
of serum proteins, the deterioration of the drug in alkaline solution, and 
the relatively high concentration of the antibiotic necessary for minimal 
inhibition of growth of the test organism, K. 'pneumoniae type A. A level 
of 0.6 micrograms per milliliter of serum is the lowest concentration of 
drug that can be measured with the present procedure.* We are trying to 
improve these assay methods for blood. Early trials to devise a chemical 
method employing the characteristic ultraviolet absorption spectrum 
plus extraction with organic solvents have been unsuccessful. 

The urinary concentration of aureomycin after intramuscular or oral 
administration has been quite high. A slight delay of six to twelve hours 
after oral administration has been noted before urinary excretion in 
adequate concentration has been observed. Thence, on an oral dosage 
schedule of 15 mg. 7 kg. per day urine levels of 20-80 micrograms per 
milliliter were obtained. When the oral dosage was 30 mg./kg. per day 
the urinary concentration of aureomycin was 80-160 micrograms per 
milliliter. 

Patients and normal individuals have been given aureomycin for 
periods of five to twenty days on a dosage schedule of 15-30 mg./kg. per 
day. The age range of these patients was three years to forty-five years. 
Aside from the nausea noted with oral dosage in two patients and the 
local irritation following intramuscular administration, no evidence of 
toxicity has been noted. There has been no evidence of urinary impair¬ 
ment as measured by volume, specific gravity, albuminuria, microscopic 
examination, blood non-protein nitrogen levels or excretion of phenol- 
sulphonphthalein. No jaundice or change in icteric index, cephalin floccu¬ 
lation or prothrombin has been noted. Repeated hematological examina¬ 
tion of the peripheral blood has not indicated any evidence of anemia, 
hemolytic process, leucopenia, or depression of platelets. Chemical ex- 

*Aasays of blood and twine for aureomycin were conducted by Dr. Caroline A. Chandler, Department of 
Preventive Medicine, Johns Hopkins University, School of Medicine. 
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aminations of the blood have not indicated any deviation in total protein, 
albumin-globulin content or ratio, cholesterol, carbon-dioxide, or alkaline 
phosphatase values. No idiosyncratic type of response such as rash, 
hives, drug fever, vertigo, vasomotor reactions, or polyneuritic phenom¬ 
ena have been encountered to date in this comparatively small series. 

Some of the cases treated may serve to illustrate our clinical experience. 

The first patient (figure 1) is a 15-year-old girl who has suffered from 
a chronic pyelonephritis since the age of six. Therapy with sulfonamide 
drugs, penicillin and streptomycin had been employed singly and in 
combination with temporary clinical response, but since September, 
1947, a continued low grade fever and pyuria were present. Repeated 
exacerbations of fever up to 106°, and chills had occurred. Pleurisy with 
effusion, jaundice, and azotemia had occurred in association with these 
febrile episodes. A biopsy in September 1947 of muscle and artery showed 
no evidence of vascular collagen disease and an exploratory abdominal 
laparotomy in February 1948 revealed no abnormality except for an 
enlarged right kidney. As all sulfonamide and antibiotic therapy had 
been associated with incomplete and only temporary amelioration of 
symptoms, she was transferred early in May, 1948, from a hospital in 
Florida to the Johns Hopkins Hospital for further investigation and 
therapy. 

Examination of the urinary tract with retrograde pyelography revealed 
dilatation of both ureters below the uretero-pelvic junction. The calyces 
were somewhat dilated on the right side. A heavy growth of coli-aero - 
genes was obtained from both ureteral specimens. Repeated urine exami¬ 
nations were consistently abnormal with albuminuria, white blood cells in 
clumps, and microscopic pyurea. Urine cultures were persistently positive 
for coli-aerogenes and, at various times, Streptococcus hemolyticus & and 
enterococci also were recovered. Numerous examinations for acid-fast 
bacilli on smear or culture of the urine were negative. The coliform organ- 
i m was resistant to 250 micrograms per milliliter of streptomycin and 
penicillin in vitro. The enterococcus was found to be sensitive to 0.9 
micrograms of penicillin, but resistant to 250.0 micrograms of strepto¬ 
mycin per milliliter. 

An attempt to sterilize the urine was made by giving 1.2 million units 
of penicillin G, and 2.4 grams of streptomycin intramuscularly daily. 
In addition, 6.0 grams of sulfadiazine and 10-12 grams of sulfasuxidine 
were given orally each day. While on this regime, her temperature fell 
to 99°-100° F., but pyuria and positive urine cultures persisted. This 
multiple drug treatment was continued for eighteen days. Her tempera¬ 
ture rose to 104.6° F. twenty-four hours after the antibiotic and sulfa¬ 
diazine were discontinued. 

Trial of aureomycin was then considered. This antibiotic is excreted in 
the urine and high concentrations can be obtained. The coli-aerogenes 
organism was inhibited by 5.0 micrograms per milliliter in vitro . Oral 
aureomycin in a daily dose of 600 milligrams divided into six doses w T as 
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begun on the 43rd hospital day. The temperature promptly fell to normal 
and cultures of the urine became sterile for the first time. The patient 
improved in general well-being. 

Nine days after aureomycin therapy was begun, proteus was noted on 
a urine culture despite a urinary concentration of 80 micrograms of drug 
per milliliter. Growth was observed on only one blood agar plate. Two 
days later, heavy growth of proteus, while the patient was on aureomycin 
therapy, was reported in the culture of urine. Her sedimentation rate 
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became rapid, the white blood count rose to 19,000 cells and low grade 
fever to 101° appeared. Costo-vertebral angle tenderness, urinary fre¬ 
quency and urgency returned The urine became alkaline and pyuria re¬ 
appeared. 

Aureomycin was discontinued. The proteus infection of the urine per¬ 
sists to date. It is felt that this patient achieved sterilization of her urinary 
tract infection and symptomatic relief with aureomycin, but that second¬ 
ary infection with proteuSj not susceptible to aureomycin, has super¬ 
vened. 
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Figi HJt 3. Spotted tm*i 


This patient experienced nausea and occasional emesis while on oral 
aureomycin therapy. These symptoms were markedly alleviated when 
amphojel was given with each dose of drag. Urine concentrations of 
40-80 micrograms of aureomycin per milliliter were present on the above 
dosage schedule. 

Another patient on the same ward with coli-acrugeues pyelonephritis 
was treated with oral aureomycin. Urinary cultures were sterile and 
microscopic examination revealed no abnormality within 48 hours after 
therapy was begun. The drug was discontinued after seven days. A protcus 
infection supervened in this patient two days after the aureomycin was 
discontinued. 

Three cases of .Rocky Mountain spotted fever, Eastern type, have 
been treated with oral aureomycin. Their course is outlined in figures 2, 
3 and 4. 

A fourteen-year-old boy was admitted to the Sydenham Hospital, 
Baltimore, Maryland, under the care of Dr. Horace Hodes, Director, 
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and Dr. David Karzan. Ho had been in Virginia during the preceding 
two months and had been bitten by ticks on numerous occasions. Three 
days before admission headache, malaise, anorexia, and high fever were 
noted. Penicillin 300,000 units, sulfadiazine and antipyretic capsules were 
prescribed. One day before admission, temperature rose to 104° F. and 
a rash was noted on face and ankles. 

Physical examination on admission revealed an acutely ill boy. An 
erythematous maeulopapular eruption with an occasional petechial 
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center was present on ankles, soles, hands, palms, and trunk. A few dis¬ 
crete lesions were present on the face. These lesions blanched somewhat 
on pressure. Nuchal rigidity was present associated with Kernig and 
Brudzinski signs. 

There was a slight generalized lymphadenopathy and the spleen was 
palpable two fingerbreadths below the costal margin. 

Laboratory data were: 

Hemoglobin 15.5 grams per 100 milliliter 

Total leucocyte count 2900 

Differential leucocyte count 
Polymorphonuclear cells 85% 

Juvenile 11 
Segmented 74 
Lymphocytes 15% 

Electrocardiogram—essentially normal 

Spinal fluid examination—no abnormality: clear; cells 0; globulin negative. 

Urine was clear, amber; specific gravity 1.028 acid and negative tests for al¬ 
bumin, sugar and acetone. The microscopic examination of the sediment 
was normal. 

Blood cultures were negative. 

Agglutinations versus B. proteus were positive on the fifth day of disease in a 
dilution of 1/40 or OX> and 1 '80 for OXi 9 . These rose thirteen davs later to 
OX>—1/320 and OXi 9 —1, 1280. 

The temperature rose to 104° F., the day after admission, and oral 
aureomycin was begun that afternoon. After two initial doses of 100 milli¬ 
grams given one hour apart, therapy with 100 milligrams every four hours 
was initiated. The next day, however, the dosage schedule was raised to 
100 milligrams every two hours. The temperature fell progressively after 
drug therapy was begun and was normal within thirty-six hours. Con¬ 
valescence was uneventful. The drug was stopped on the seventh day of 
treatment and the patient was discharged one week later. The spleno¬ 
megaly had disappeared and he felt well. 

Blood levels were not measurable in this patient, although the urinary 
concentration of aureomycin varied between 80 and 320 micrograms per 
milliliter. No nausea or other untoward symptoms were noted which 
might be attributed to drug therapy. 

Two patients with Rocky Mountain spotted fever, Eastern type, 
were hospitalized at the Children's Hospital in Washington, D.C. We 
are indebted to Dr. Sidney Ross, Dr. C. Rice, and Dr. F. Burke of the 
Antibiotic Study Committee, and the staff at that hospital for their 
collaboration. 

A nine-year-old boy, who had been intimately exposed to ticks in Vir¬ 
ginia, became ill two days before admission with fever of 103° F. and 
abdominal pain. One day later a rash was noted. The child became drowsy 
and its temperature was maintained at 103° F. During the preceding ten 
days, a tick had been removed from his body and one from his clothing. 

Physical examination revealed a moderately ill, obese boy with a 
maculopapular rash on abdomen and extremities including the palms and 
soles. The face was not involved. No lesions were present on the mucous 
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membranes of the mouth or pharynx. The spleen was not palpable and 
there was no lymphadenopathy. The white blood cell count was 6900 with 
63 per cent polymorphonuclear leucocytes. Urine examination was nor¬ 
mal, except for a slight albuminuria. Agglutinations were negative, ex¬ 
cept for the Weil-Felix. Agglutination of proteus OXi 9 was positive in a 
dilution of 1 20 on admission. The latter rose to 1/160 seven days later. 
The rickettsial complement fixation test performed at the National Insti¬ 
tute of Health was reported negative on June 26 and positive in a dilution 
of 1/64 on July 2, 1948. 

Treatment with three doses of 50 milligrams of aureomycin at one hour 
intervals and 50 milligrams every four hours for three doses was instituted 
on the third day of his disease. This was then changed to 100 milligrams 
orally every four hours. The temperature fell by lysis and became normal 
on the third day of treatment. His general condition improved rapidly and 
twelve hours after treatment was begun he appeared alert. The drug 
was discontinued on the sixth day and he was discharged two days later 
asymptomatic. 

A three-year-old infant weighing 30 pounds became ill two days before 
admission. Drowsiness, malaise, and fever were noted. One day before 
admission a rash was observed on arms, legs, elbows, and knees. This 
rash rapidly extended centripetally to involve other parts of the body. 
A tick had been removed from the right lower extremity, just above the 
knee, one day before his illness. Many ticks were present in the region 
and on the farm in Haymarket, Virginia, where he lived. 

Physical examination revealed an acutely ill, lethargic infant with 
a maculopapular rash on all extremities including palms and soles, ab¬ 
domen, chest, and back. The sclerae were injected and conjunctival blood¬ 
vessels dilated. No spleen was palpable. Oral lesions were not present. 

Oral aureomycin was begun on the afternoon of admission. Fifty 
milligrams were given every two hours for the first two doses and thence 
every four hours day and night for a total period of five days. The tem¬ 
perature fell to normal within twelve hours after therapy was begun and 
he was discharged as well on the fifth hospital day. 

Although none of these cases was desperately ill with signs of coma, 
vascular collapse, hemorrhage, or edema, it was generally believed that 
the response to aureomycin was indeed favorable and prompt. 

A forty-five-year-old employee of a local meat packing establishment 
was treated with aureomycin for a persistent infection with Brucella suis. 
In January of 1948, he noted chills and fever which were alleviated some¬ 
what by sulfadiazine. Afternoon chills and evening sweats continued, 
however, and he was admitted to the Sinai Hospital in Baltimore on 
February 14, 1948, to the service of Dr. Milton Sherry. Blood cultures 
were repeatedly positive for Brucella suis. Treatment with six grams of 
sulfadiazine and three grams of streptomycin daily for a period of twelve 
days was without effect on the clinical course or bacteremia. Polymyxin 
D was then given for a period of ten days at a dosage of 7J4 milligrams 
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per kilogram of bodj weight per day intramuscularly divided into three 
doses. Blood cultures became negative promptly and remained negative 
for a period of four weeks His general condition improved materially, 
although a low grade temperature to 100° F. and rapid blood sedimen¬ 
tation rate persisted. He was discharged with weekly follow-up blood 
cultures and physical examinations recommended. 

He was readmitted to the hospital on May 3, 1948, because chills and 
fever to 104° F. had been noted during the preceding week and head¬ 
aches, sweating, and general malaise had recurred. A blood culture drawn 
on April 26, 1948, was reported positive for Brucella four days later, 
although those on April 1, 12, and 19 were sterile. 6 

Physical examination on admission revealed an acutely and chronical^ 
ill male. His face was flushed and he was sweating profusely. His liver 
was enlarged two fingerbreadths below the costal margin; fingers were 
clubbed. A soft systolic murmur at the cardiac apex was noted by some 
observers. Petechial and embolic lesions were present on one toe and 
several fingers. In the region of the right macula, there was a white area 
interpreted by the ophthalmological consultant as the result of a previous 
hemorrhage, probably of embolic nature. 

Dr. Ronald M. Wood of the laboratories of the Wilmer Ophthalmo¬ 
logical Institute, the Johns Hopkins Hospital, has performed all the 
Brucella cultures in this case. He has also collaborated with this depart¬ 
ment on in vitro and experimental animal studies with Brucella . In viUo 
tests have shown that growth of five strains of Brucella , abortus and suis 
types, was complete^ inhibited by 0.75 micrograms per milliliter of 
aureomvcin. These results were obtained when the final reading was made 
after seventy-two hours of incubation. 

Trial of aureomycin in this case was believed warranted because of the 
septic course, the persistently positive blood cultures, and failure of sulfa¬ 
diazine, streptomycin, and polymyxin on previous occasions. After three 
more positive blood cultures for Brucella suis had been obtained, aureo¬ 
mycin therapy was begun. An oral dose of 0.5 grams twice a day was given 
for four days. This was supplemented by 20 milligrams intramuscularly 
on the first day, 40 milligrams on the second day, and 120 milligrams di¬ 
vided into three equal doses for the next two days. The oral drug was then 
discontinued because of anorexia and nausea. It should be noted that the 
oral drug (lot number 204-214) was relatively crude material. The intra¬ 
muscular route of administration was maintained for a total of period 
of twenty days in a dosage of 40.0 milligrams four times each day. The 
course of this patient while on aureomycin is outlined in figure 5. His 
temperature became normal four days after therapy was begun. Blood 
cultures became sterile and have remained negative to date. The last 
culture drawn one month after discharge from the hospital is sterile. 
The patient has remained afebrile and asymptomatic. His weight, which 
had been 140 pounds when first readmitted in May and which had fallen 
to 132 pounds, is 159 pounds as of July 1. The enlarged liver has regressed 
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and there has been no evidence of petechial or embolic episodes The pa¬ 
tient has returned to work. 

Blood levels while on aureomycin were determined. They varied from 
0.6 micrograms per milliliter of serum to 2.4 micrograms per millili¬ 
ter. Urine concentration of 10.0 to 80.0 micrograms per milliliter were 
measured. 

Nausea and anorexia while on oral drug and local tenderness and in¬ 
duration following the intramuscular injections were the only untoward 
reactions noted. The patient will be followed for evidence of relapse. 

Summary 

Aureomycin, a new antibiotic, has been studied in humans. It is irri¬ 
tating upon parenteral administration. Oral administration is well toler¬ 
ated. The drug is absorbed although blood levels are difficult to deter¬ 
mine. It is excreted rapidly in the urine and high concentrations may be 
attained. 

Treatment of p 3 r elonephritis has successfully eliminated the infecting 
organisms of the coli-aerogenes group. B. protens infection of the urinary 
tract was initiated in the presence of high concentrations of aureomycin 
and the drug was ineffective in the treatment of this type of urinary tract 
infection. 

Three cases of Rocky Mountain spotted fever, Eastern type, were 
treated on the third and fifth day of the disease with aureomycin ad¬ 
ministered orally. All cases became afebrile within 12-72 hours and con¬ 
valescence was uneventful. The drug was well tolerated in daily dosages 
up to 30 milligrams per kilogram of body weight. A case of Brucella mis 
infection which had not responded to sulfonamide and streptomycin 
therapy and which had relapsed after polymyxin therapy has become 
asymptomatic after treatment with oral and intramuscular aureomycin. 

No toxic or allergic reactions have been observed in patients or normal 
individuals except for transient nausea. These may only become apparent 
when a larger series is treated. The preliminary results with aureomy¬ 
cin to date have been encouraging and more exlensive clinical trial is 
indicated. 

Addendum 

Since this paper was submitted, a total of 16 cases of Rocky Mountain 
spotted fever have been treated with oral aureomycin. Treatment was 
begun on the 2nd to 8th day of disease (average 4.5) and normal tempera¬ 
ture and clinical cure was noted 36 to 72 hours after the institution of 
treatment (average 2.3 days). No complications or deaths occurred. 
Thirteen cases in this group have been confirmed serologically with Weil- 
Felix and/or specific complement fixation tests. 

Two additional cases of acute brucellosis have been treated, with 
bacteriological and clinical remission within 72 hours. 

Three early cases of typhoid fever treated with aureomycin in daily 
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dosage of 60-100 mg./kg. per day by mouth and 3.0 to 5.0 mg./kg. per 
day parenterally have resulted in negative blood and stool cultures 
within 48 to 72 hours. Clinical response has varied, however, with 
defervescence occurring in 24 hours, 8 days, and 11 days respectively. 

Five cases of newborn infants with multiple skin and breast abscesses 
due to hemolytic Staphylococcus aureus cleared rapidly on oral aureo- 
mycin. One of these cases also had staphylococcal infection of the lung 
with abscess formation and positive blood culture. 

Four cases of primary atypical pneumonia have responded to oral 
aureomycin with prompt defervescence within 36 to 48 hours. Con¬ 
valescence was uneventful. 

A thirteen-year-old girl with tuberculous draining sinuses of the neck 
for 5 years w r as treated with a total of 92 grams of aureomycin orally for 
a period of seven weeks. Drainage ceased within 10 days and nodes de¬ 
creased in size. No recurrence has been noted, although drug therapy has 
been discontinued for a period of three weeks. 

Eight additional cases of chronic urinary tract infection which had not 
responded to penicillin, streptomycin or sulfonamide therapy have 
cleared promptly with aureomycin. The organisms identified in these 
cases w r ere B. coli-aerogenes, B. paracolon and Streptococcus fecalis. 

One case of epidemic typhus (Brill’s disease) treated on the 6th day of 
his disease became afebrile and asymptomatic within 48 hours. 



AUREOMYCIN IN OCULAR INFECTIONS 
A Study of Its Spectrum 

By Alson E. Bralei and Murray Sanders 

Department of Ophthalmology, College of Physicians and Surgions 
Columbm University , Xew Yoik , N. Y. 

ATREOMYCIN is an antibiotic obtained from a mold belonging to 
the Streplomyces group. It was isolated by workers at the Lederle 
Laboratories of the American Cyanamid Company. 1 This antibiotic was 
found by these workers to be effective against both gram positive and 
gram negative organisms, and their work suggested a wide range of 
activity. It has been made available to us in two forms, Aureomycin 
hydrochloride and Aureomycin borate. 

Aureomycin HC1 is a dry, crude, crystalline substance, yellow in color. 
When in aqueous solution, it is an acid with a pH of 3, and is stable 
either in the dry form or in solution without refrigeration. In solution, it 
can be injected intramuscularly. The dry material is quite soluble in 
water or normal saline; 20 mg. will dissolve in 1 cc. to 1.5 cc. of normal 
saline. This material is moderately irritating when injected intramus¬ 
cularly, but with the addition of a small amount of procaine hydrochlo¬ 
ride there is little or no discomfort. 

A borated salt of Aureomycin was also manufactured and dried into a 
fine, yellow, stable powder. In aqueous or physiological saline solution 
the pH is 7.5 to 7.8. It is very soluble in nearly all concentrations; how¬ 
ever, in solution at room temperature the material loses its antibiotic 
activitj T within approximately 24 hours. Various concentrations of the 
borate were used, but is was found that a Yi per cent solution was the 
one best tolerated. The activity of the ^ per cent solution is retained for 
several days when it is stored at +4° C. Freshly prepared Aureomycin 
borate solution is a light golden-yellow color. After it has remained al 
room temperature for 24 hours it turns a golden-brown. 

Wong and Cox 2 have shown in experimental infections with a wide 
range of microorganisms, riekettsiae, and viruses that Aureomycin was 
unusually potent and active. Since this was true experimentally, it was 
telt that this new antibiotic should be tried in many types of ocular in¬ 
fections. The antibiotic was used in this study much the same as penicil¬ 
lin might be used clinically. The borated salt was used locally in eyes for 
infections of the conjunctiva and cornea. When infection was present in 
the deeper structures of the eye, such as uveitis and in ocular infections 
associated with general disease, the local application was augmented by 
intramuscular injections of Aureomycin HC1. 

In a previous report, 100 patients with conjunctival and corneal in¬ 
fections have been reported. 3 It was found from this study that local use 

1280 1 
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of Aureomycin borate effectively inhibited staphylococci, pneumococci, 
and H. influenzae. It was also active against the virus of inclusion con¬ 
junctivitis, and appeared to have some value in herpes simplex comeae 
and to a lesser extent in epidemic keratoconjunctivitis. Since that timB, 
additional information has been obtained regarding these same organisms 
as well as other ocular infections. The present study was made in an 
attempt to find the number of diseases and microorganisms in which 

Table 1 

ltESULT*. Obtained in Aureomycin Treatment op 200 Ocular Infections 

Xo 


Infection 

No. of Clinical 

improve - 

cases 

cure 

ment 

Conjunctivitis 




Staphylococcus aweus 




mild 

22 

21 

1 . 

severe 

74 

73 

1 

D. pneumoniai 

5 

5 


H. influenzae 

Moraxella lacunata 

4 

4 


(diplobacillus of Morax-Axonfcld) 

E. coli 

5 

4 

l 

1 

1 


Follicular (etiology unknown) 

14 

14 


Inclusion conjunctivitis 

5 

5 


Trachoma 

1 

1 


Vernal 

6 

2 

4 

Epidemic keratoconjunctivitis 

Molluscum contagiosum 

27 

8 

19 

1 


1 

Parinaud’s conjunctivitis (leptotrichosis) 

1 


l 

Keratitis 




Dendritic (herpes simplex) 

6 

5 

i 

Unclassified (etiology unknown, probably infectious) 7 

3 

4 

Acne rosacea 

3 

1 

2 

Superficial punctate (virus?) 

2 

1 

1 

Neuro tropic 

2 


2 

Marginal, severe 

1 

1 


Pinguecula 

1 


1 

Episcleritis 

Uveitis 

1 


1 

Idiopathic 

5 

4 

J 

Lymphogranuloma 

Scrafulodcrm with uveitis and keratitis 

l 

1 


2 

2 


Sympathetic ophthalmia 

Endophthalmitis, metastatic 

2 

1 

1 

2 


Aureomycin might be effective. The use of Aureomycin in 200 unselected 
cases showed that the antibiotic was effective in the treatment of 158 and 
of no value in 42. This can be further separated into 189 cases in which 
the infection was primarily of the conjunctiva and cornea, and II cases 
in which the infection was primarily of the uvea (see table 1). 

Staphylococcal Infections. Ninety-six patients with various types of 
staphylococcal infections were treated. The majority had blepharitis 
combined with a conjunctivitis and keratitis. There were, however, a fair 
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number of cases with marginal infiltrates and marginal ulcers associated 
with the chronic conjunctivitis. A few patients had horeola and chalazia 
complicating the blepharitis. For statistical purposes, we divided sta¬ 
phylococcal infections into mild and severe cases. There were 22 patients 
in the group considered mild, those with a blepharitis squamosa and a 
chronic conjunctivitis associated with a slight discharge. Severe staphy¬ 
lococcal infections were those with a blepharitis with an acute or sub¬ 
acute conjunctivitis combined with corneal changes such as superficial 
punctate keratitis, marginal infiltrates, or marginal ulcers. The evalua¬ 
tion of the results of Aureomycin in staphylococcal infections was 
difficult because of the tendency for recurrence of all types of staphy¬ 
lococcal infections and the inclination of the patient to discontinue 
treatment as soon as the acute symptoms subsided. In order to evaluate 
the effectiveness of the antibiotic, an arbitrary 48 hours was chosen as 
the time limit for disappearance of symptoms. If there was no improve¬ 
ment in the objective appearance or symptoms, the action of the anti¬ 
biotic was considered unfavorable. There is little doubt, as reported in 
the previous publication, that Aureomycin is very active against the 
staphylococcus, whether the disease produced by it is mild or severe. 
From experience with these patients, it seems to be as potent as local 
penicillin (1,000 units per cc). Staphylococcal conjunctivitis had a 
tendency to recur when therapy was discontinued. Recurrences were 
about the same with Aureomycin as with other local antibiotics. Aureo- 
mycin w^as potent in patients with staphylococcal conjunctivitis w T ho had 
developed a sensitivity to the local use of penicillin. 

Staphylococcal infections require local therapy for a long period of 
time and since a transition occurs in Aureomycin borate solution, an 
attempt w w as made to prepare an ointment with both the hydrochloride 
and the borate. The hydrochloride ointment w'as irritating to nearly all 
of the patients, although it seemed to be active against the infection. The 
ointment prepared with the borate w*as non-irritating, but it probably 
lost its activity after a short period. Further investigation will be neces¬ 
sary to determine the best means of retaining this antibiotic effect for the 
required prolonged use in staphylococcal infections. 

There w T ere only tw r o unfavorable responses to Aureomycin in the 
entire group. The organisms could have been assayed to determine the 
amount of the antibiotic necessary to inactivate them, but it is possible 
that the patients did not use the antibiotic as directed. 

Pneumococcal Conjunctivitis . The second largest group of patients with 
bacterial conjunctivitis u*as infected by the pneumococcus. Only 5 
patients writh pneumococcal conjunctivitis have been treated; there v'ere 
excellent results and no recurrences. 

Influenzal Conjunctivitis . The response of 4 patients from wdiom in¬ 
fluenza bacilli were cultured from the conjunctiva was rapid and efficient. 
In all of the patients, the purulent discharge was entirely gone within 
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24 hours. It was difficult to evaluate the antibody response to influenzal 
conjunctivitis, since the duration of this infection without treatment 
varied considerably. From the appearance of the conjunctiva, however, 
we felt that Aureomycin was potent against H. influenzae, farther in¬ 
vestigation will be necessary, particularly in influenzal meningitis, to 
determine the degree of potency. 

Diplobacillary Infections. The diplobacillus of Morax-Axenfeld has been 
an organism which has not responded well to any form of therapy. In 4 
cases the symptoms were relieved and no bacteria found on scrapings of 
the conjunctiva after local use of Aureomycin. In one patient, a recur¬ 
rence developed in one eye shortly after the antibiotic was discontinued. 
From all clinical appearances, however, Aureomycin is much more 
effective against the diplobacillus than any other therapy. 

E. coli. Aureomycin borate was used in only one case of infection of 
the conjunctiva by E. coli. A pure culture of E. coli was obtained from 
the conjunctiva after several months of conjunctivitis. Following the use 
of this antibiotic for 24 hours, conjunctival symptoms were entirely gone 
and the conjunctiva was free of organisms. 

Viral Infections. Two viruses involving the conjunctiva and cornea 
have been treated with Aureomycin, 6 cases of dendritic keratitis, and 
27 cases of epidemic keratoconjunctivitis. Clinically, Aureomycin ap¬ 
pears to be more useful in the herpes comeae virus than in epidemic 
keratoconjunctivitis. 

Dendritic Keratitis. All 6 of the patients with dendritic keratitis had an 
associated beginning involvement of the corneal stroma with an area of 
infiltration under the dendritic figure. In 5 of these patients, the results 
after use of Aureomycin were rapid and beneficial. The ulcer was healed 
in 24 hours and there was no increase in the size of the infiltrate beneath 
the ulcer, and in most of the patients the infiltrate disappeared entirely. 
In one patient who had a recuiTont dendritic keratitis with a large disci¬ 
form keratitis there was no appreciable change in the involvement of the 
corneal stroma after Aureomycin. From our experience thus far with the 
antibiotic, it seems to be a valuable therapeutic agent for dendritic 
keratitis. 

Epidemic Keratoconjunctivitis. The use of Aureomycin in the treatment 
of epidemic keratoconjunctivitis does not appear effective from the data 
presented. Twenty-seven patients with the infection have been followed 
after the use of the antibiotic. There w r ere many more patients with 
epidemic keratoconjunctivitis who had used Aureomycin, but their 
follow-up was not entirely satisfactory and they cannot be included in 
the series. The course of the disease ■was not affected in 19 of the 27 
patients, but 8 showed a definitely favorable reaction. These patients 
taught us a good deal as to how this new antibiotic should be used. Cer¬ 
tainly in epidemic keratoconjunctivitis, Aureomycin must be used before 
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corneal opacities begin, since in several of the 19 patients it was started 
after corneal opacities were first noted. It appears that if Aureomyein 
can be started before the third to fifth day of the disease and used con¬ 
tinually for at least a week or ten days there is some beneficial effect. If 
the material is instilled in the conjunctival sac every one-half to one hour 
and continued, even though the symptoms and edema of the conjunctiva 
increase, there will certainly be some favorable results. Most of the 8 
favorable cases developed one or two typical corneal opacities at about 
the same time as they would had the disease been allowed to run its 
normal course, but the conjunctival findings and the corneal changes 
were considerably decreased as compared to control cases. Even though 
Aureomyein was used, a few developed conjunctival scars and minimal 
svmblepharon. Patients who used the antibiotic a few times and dis¬ 
continued its use after 24 or 48 hours because of its slight irritability 
received no benefit from the antibiotic. The method of choice, therefore, 
in treatment of epidemic keratoconjunctivitis should be the instillation 
of Aureomyein borate every hour for at least ten days with a fresh supply 
of the antibiotic given at 48-hour intervals. Blood has been obtained from 
the patients for neutralization of the virus to determine the presence 
of antibodies. 

Follicular Conjunctivitis , Unknown Etiology . The evaluation of the use 
of Aureomyein in follicular conjunctivitis is rather difficult, since this 
group contains a number of patients with what clinically appeared to be 
a Beal’s type of conjunctivitis. This type of follicular conjunctivitis is 
notoriously inconsistent in the duration of symptoms. With Aureomyein, 
however, none of the cases of follicular conjunctivitis lasted more than 
48 hours. 

Inclusion Conjunctivitis and Trachoma. Local Aureomyein was used in 
5 cases of inclusion conjunctivitis. Most of these were in the new-born 
infant after the disease had been present for from five days to two weeks. 
The response to Aureomyein w as prompt and the purulent discharge was 
entirely gone after 24 hours of its use. The conjunctiva returned to 
normal within three days to one week. Some of the cases have been 
followed with daily scrapings from the conjunctiva; no inclusion bodies 
could be found after 24 hours on Aureomyein. 

One case of trachoma III which had been recurrent for twenty years 
was treated. This patient had developed anuria on sulfanilamide. Follow¬ 
ing treatment with local Aureomyein there was rapid disappearance of 
corneal infiltrates and conjunctival symptoms. No inclusion bodies 
could be demonstrated from the conjunctival scrapings. From the effect 
of Aureomyein on inclusion conjunctivitis and lymphogranuloma, we 
feel that it should also be effective in trachoma. 

Mollusaum Contagiosum . One patient with molluscum contagiosum has 
been treated with Aureomyein locally. There was no effect on the tumor 
or on the appearance of the conjunctiva. 
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Keratitis. Fifteen cases of various types of keratitis have been treated. 
Some of these have been remarkable, particularly one patient with a 
severe marginal keratitis of unknown etiology. This patient had marked 
thinning of the periphery of the cornea, and the central cornea was 
necrotic. His vision was reduced to hand movements in one eye and 
20 400 in the other eye. After local and parenteral Aureomyein the 
process stopped and the central portion of the cornea became clear while 
the periphery vascularized. The vision was restored to 20/25 in one eye 
and 20 20 in the other. 

Three cases of acne rosacea keratitis have been treated, one with some 
beneficial effect and two without any effect. It is doubtful that any of the 
various types of keratitis profunda or severe types of keratitis are par¬ 
ticularly benefitted by Aureomyein although 6 of the 15 cases improved 
under Aureomyein therapy. 

Two patients with neurotropic type of keratitis were unaffected by 
Aureomyein. 

Parinaud's Conjunctivitis. Only one patient with Parinaud’s conjuncti¬ 
vitis was treated with Aureomyein with no effect on the progress of the 
disease. 

Vernal Conjunctivitis. Six cases of vernal conjunctivitis have been 
treated with varying amounts of local Aureomyein. Four were un¬ 
changed, but two showed a disappearance of the filmy membrane and 
some relief of symptoms, although there was no change in the papillary 
hypertrophy in the conjunctiva. It is probable that the improvement was 
due to the antibiotic action on the secondary infection. 

Uveitis. All of the patients with uveitis have been treated with local 
borate salt and intramuscular Aureomyein HC1. Of the 11 patients with 
various types of uveitis, 8 have shown beneficial results, while 3 have 
remained unchanged. The most striking in this group are 2 patients with 
scrafuloderm combined with a keratitis and uveitis. Not only was the 
eye restored to normal vision, but there was also marked improvement in 
the draining sinuses and skin reaction associated with the underlying 
lymph node disease. In one of these patients, tubercle bacilli were demon¬ 
strated in biopsies of the lymph nodes, and in the other, the biopsy and 
guinea pig inoculation was unsatisfactory. There are under observation 
at the present time two other patients with tuberculous lymphaden- 
opathy and keratitis. The response of the cornea has been prompt, but 
there has been no change in the lymphadenopathy so that these cases 
have not been included in this study. The response to Aureomyein in 
these cases is certainly as satisfactory as with streptomycin. 

One patient with a recurrent unilateral uveitis in whom a positive 
Frei test was found, responded dramatically to treatment with Aureomy- 
cin. She developed a recurrence two weeks after receiving 100 mg. intra¬ 
muscularly and was given another course of 100 mg. with complete 
recovery. 
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Five cases of uveitis of unknown etiology have received Aureomycin; 
4 have shown definite improvement while one has remained unchanged. 
Several more patients are under observation at the present time, but it is 
too early to draw any conclusions as to the efficiency of the antibiotic. 

Two cases of sympathetic ophthalmia were given Aureomycin without 
any beneficial result, although one patient insisted on receiving it for a 
long period of time because he stated that his eyes felt better. There was 
no change in the clinical appearance of the eye. 

One patient with a metastatic endophthalmitis of unknown etiology 
has been treated. She had developed a large abscess in the vitreous hump 
with pus in the anterior chamber following considerable abdominal surg¬ 
ery. She was given 300 mg. intramuscular Aureomycin and local drops 
after which all of the pus disappeared. A red reflex could be obtained from 
the fundus, but because of the vitreous opacities it was impossible to see 
the fundus details at the time of her discharge from the hospital. The eye 
has remained quiet since that time. 

Comments 

We have previously reported on the antibiotic properties of local 
Aureomycin in staphylococcal, pneumococcal, and influenzal conjuncti¬ 
vitis. To this group we are adding the diplobacillus of Morax-Axenfeld 
and E. coli. Several diseases of unknown etiology were treated in an at¬ 
tempt to determine the spectrum of the antibiotic. The validity of 
Aureomycin in some of the virus infections was not anticipated. From 
the experiments of Wong and Cox 2 we learned that it should be of 
value in the psittacosis-lymphogranuloma group and in rickettsial dis¬ 
eases. In our experience, Aureomycin was excellent in the treatment of 
inclusion conjunctivitis. Because of the similarity between the virus of 
trachoma and the virus of inclusion, it should be a useful therapy for 
trachoma (see table 2). 

Aureomycin seems to have some antibiotic properties to the vims of 
herpes simplex. The results of its use on herpes infections of the cornea 
were striking. Experimental herpes simplex infections will be reported 
later, although at the present time they indicate that Aureomycin has 
some anti-viral properties. 

Its use in epidemic keratoconjunctivitis is not entirely satisfactory, 
but there is a strong indication from several patients that if the anti¬ 
biotic is used properly, considerable benefit may be expected. After 
Aureomycin borate had been used for a period of 48 hours, it became 
somewhat irritating to the conjunctiva, in cases of epidemic keratocon¬ 
junctivitis particularly, and many patients thought it produced a more 
severe conjunctivitis. We found that the applications of the antibiotic 
must be continued in spite of increased symptoms in order for it to be 
beneficial. There is no change in epidemic keratoconjunctivitis much 
short of a week. If the material was used conscientiously by the patient, 
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Table 2 


Oct hr Infections Which Siioi ld Respond Well to Aurlomycin Therapy 


Virus infections: 

inclusion conjunctivitis' 
trachoma" 

lymphogranuloma venereum 
herpes simplex oorneae* 
follicular conjunctivitis* 


Gonococcus infections. 
conjunctivitis 
iridocyclitis 

Li. pyocyaneus infection* 
ulcers 


Hemolytic streptococcus infections. 
conjunctivitis 1 * + (membranous i 
corneal ulcers’* * 
endophthalmitis 41 
orbital cellulitis 11 * 
impetigo 4 * 

Stapkylococcus inicotians. 
dacryocystitis 
conjunctivitis 51 
ulcers 5 * 

endophthalmitis* 5 * 
blepharitis ** 
orbital cellulitis 
impetigo* 

Pneumocoocus infcctions. 
dacryocystitis 
conjunctivitis* 
ulcers** 

endophthalmitis 
orbital cellulitis 


B. proteus injections. 
conjunctivitis 

Coliform gi'oup infections. 
conjunctivitis* 

H. influenzae infections. 
conjunctivitis* 
ulcers** 

orbital cellulitis 

Uiplobacillus (Morax-A xenfeld) 
conjunctivitis* 
ulcers** 

Fnedlandcr bacillus infections' 
ulcers** 
conjunctivitis* 
meibomitis*'* 
dacryocystitis 

1 /eningococcvs infections. 
endophthalmitis 
conjunctivitis 


Ixtcal therapy preferred. 

Combined intramuscular and local therapy preierred. 


Table 3 

Ocular Infections in Which Acreomycin May Be of Value and Deserves Trial 

Virus infections: Brucella melitensis-abortus-suis: 

epidemic keratoconjunctivitis* keratitis 

herpes zoster** uveitis 

herpes simplex corneao* choroiditis 


ruberculosis: 

conjunctivitis 1 (ulcers) 

uveitis*** 

keratitis 

scrafuloderm *■ 1 

kerato-uveitis 

Won-hemolytic streptococcus infections: 
orbital cellulitis 
endophthalmitis 
corneal ulcers 


1 toraxella duplex (diplobacillus of Petit 1: 
central ulcers 

//. Ducreyii 

soft chancre of lid or conjunctiva 

Syphilis: 

chancre of lid 
choroiditis 
optic atrophy 

Keratitis (marginal) unknown etiology 
Uveitis (idiopathic) 


* Local therapy preferred. 

** Combined intramuscular and local therapy preferred* 
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the period of morbidity was shortened from approximately three weeks to 
a period of ten days. The corneal opacities which developed were usually 
minimal as compared to control cases (see table 3). 

Aureomyoin had no effect on the virus of molluscum contagiosum. 

Aureomycin was surprisingly effective in 14 cases of follicular con¬ 
junctivitis. In none of these was it possible to determine the etiology 

Six cases of vernal conjunctivitis were treated and no particular result 
was anticipated. It is well known that any of the antibiotics will have 
^ome tendency to give a certain degree of subjective improvement, and it 
is doubtful if Aureomycin will have any effect on vernal conjunctivitis. 

Although one case of Parinaud’s conjunctivitis due to the leptothrix 
was treated, no beneficial effect was anticipated because of the similarity 
between the leptothrix and the actinomvces form which Aureomycin is 
made. 

In the treatment of uveitis and keratitis, it was not possible to deter¬ 
mine in advance which patients would be improved. There is little doubt 
in our minds that there was marked improvement in the patients with 
scrafulous keratitis and scrafuloderm. There is also little doubt that the 
antibiotic produced improvement in several cases of uveitis of unknown 
etiology. 

Table 4 lists some infections in which Aureomycin is not expected to 
be of value. 

T\jbll 4 


Ocular Lm-lct-ions in Which Aureomycin Pror\bly lb o* No \ ali * 


Erythema multiforme: 
conjunctivitis 
keratitis 

Ocular pemphigus 
Parinaud’s conjunctivitis: 
leptotrichos 


Sympathetic ophthalmia 
Vernal conjunctivitis 
Molluscum contagiosum 
Mooren’s ulcer 
Streptot hrix concretions 


Summary 

Aureomycin borate has been used locally, and Aureomycin 11(4 has 
been used intramuscularly in 200 patients with a wide range of ocular 
infections. The local use of } 2 per cent solution produced no damage to 
the conjunctiva or cornea. This antibiotic was found to be effective 
against some of the gram positive cocci and several gram negative bacilli. 
It was also found to be an effective therapeutic agent in inclusion con¬ 
junctivitis and in herpes simplex of the cornea. Its therapeutic effect in 
epidemic keratoconjunctivitis will require further investigation before 
results can be evaluated. It is, however, more effective in epidemic kera¬ 
toconjunctivitis than any of the other antibiotics or drugs tried. The in¬ 
tramuscular administration of Aureomycin HC1 did not give rise to anj' 
toxic reactions and in only one individual was any general effect noted. 
This patient developed a secondary anemia which was easily controlled 
by the a dminis tration of iron. The HC1 is somewhat irritating on intra- 
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muscular injection, but this irritation can be controlled by the addition 
of a small amount of procaine hydrochloride. There is some indication 
that Aureomycin may be a valuable antibiotic in the treatment of 
uveitis. 

Aureomycin has a wide spectrum of activity in ocular infections. 
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ACTION OF AUREOMYCIN AGAINST EXPERIMENTAL 
RICKETTSIAL AND VIRAL INFECTIONS 

By Savi C. Wong and Herald R. Cox 

Section of Viral and Rukettsial Research , 

Lederle Laboratories Division , American Cyanamid Company , 

Pearl River t V. Y. 

T^IME does not permit for a review of the literature on the treatment 
■*" of viral and rickettsial infections with chemical and antibiotic sub¬ 
stances. The results of such investigations have been reported recently 
by several groups of workers. 

In this preliminary report are presented some of the data obtained 
with the newly described antibiotic, Aureomvcin, in experimental infec¬ 
tions of embryonated eggs, mice, and guinea pigs with the agents of 
lymphogranuloma venereum, psittacosis, murine typhus, epidemic 
typhus, Rocky Mountain spotted fever, Q fever, rickettsialpox, and 
scrub typhus. 

Materials and Methods 

In most instances the antibiotic was resuspended in one-twentieth 
molar phosphate buffer pH 7.0. Buffered suspensions of this type, con¬ 
taining 5 mg. of Aureomycin per ml., have a final pH of 6.8. Any solution 
left over was usually discarded, although subsequent studies indicate 
that if the unused material is frozen immediately, the potency appears 
unimpaired for at least 2 weeks. 

Chemotherapy Experiments in Eggs . The following method was used 
to determine if the chemotherapeutic agent under investigation showed 
antiviral or antiriekettsial activity. Seven-day-old embryonated hens’ 
eggs were inoculated into the yolk sac with 0.2 ml., containing the desired 
dosage of Aureomycin. The control group received the same amount of 
buffered saline. Thirty minutes later all groups of eggs were reinjected 
into the yolk sac with 0.1 ml. of the various ten-fold dilutions of infectious 
inoculum. All dilutions of the infectious inoculum were made with cold 
0.1 per cent casein solution, pH 7.0, and all inoculum dilutions were kept 
refrigerated until used. All eggs were sealed with collodion, stored in an 
incubator at 96° F. and candled at least once a day for a total of 13 days. 

In most instances, deaths of embryos before the fourth day were con¬ 
sidered to be non-specific and were not included in the analysis of the 
results. All embryos dying on the fourth day and thereafter were thor¬ 
oughly examined for the presence of elementary bodies or rickettsiae, 
using yolk-sac or amniotic-sac smears stained by the Macchiavello 
method. All embryos surviving after the 13th day were examined in the 
same manner. 
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Chemotherapy Experiments in Mice . Swiss albino mice, weighing from 
14 to 16 grams, were infected by the intracerebral or intraperitoneal 
route with 0.03 ml. or 0.25 ml., respectively, of an appropriate dilution 
of infectious inoculum. Aureomycin was administered to mice by mouth 
or injected subcutaneously, usually in a single dose given once a day. 
Mice treated orally were given the drug by means of a 1 or 2 ml. tubercu¬ 
lin syringe fitted with a round-end 18 gauge needle, 1% inches long. The 
mice were grasped firmly by the back of the head and turned over with 
the head, slightly elevated, held away from the operator. The full length 
of the needle was slid slowly past the esophagus into the stomach and 
the required amount of Aureomycin was then given. 

Chemotherapy Experiments in Guinea Pigs. Guinea pigs, weighing 450 
to 500 grams, were injected intraperitoneally with 1 ml. each of the 
appropriate dilution of infectious inoculum. All dilutions were made with 
0.1 per cent casein solution pH 7.0. Rectal temperatures were taken for 
5 days prior to infection and were continued for at least 2 weeks post 
infection. Aureomycin was given subcutaneously, as a rule once a day, 
and in most cases consisted of a 3 mg. dose in 1.5 ml. amounts. 

Results 

Table 1 , which represents a typical experiment carried out in em- 

Table 1 

PSITTACOSIS 
IN EMBRYONATED EGGS 


DILUTION 

OF 

INOCULUM 

SURVIVAL RATIO 

ON 13 TH DAY 

PRESENCE OF M.PSITTACll 
BY MICROSCOPIC 
EXAMINATION 

TREATED 

CONTROLS 

TREATED 

CONTROLS 

10' ' 

6/e 


0/6 


10’* 

9/9 


0/9 


10’* 

9/tO 

O/IO 

O/IO 

10/10 

10’ 4 

6/9 

O/IO 

0/9 

IO/IO 

IO’ s \ 

6/10 

O/IO 

O/IO 

IO/IO 

JO’* 

7/9 

0/9 

0/9 

IO/IO 

!0’ 7 


0/9 


IO/IO 

IO’* 


3/9 


S/9 


* A SINGLE INJECTION OF I MG OF DRUG GIVEN 30 
MINUTES PRIOR TO INOCULATION 


bryonated hens’ eggs, shows the results obtained with Aureomycin in 
psittacosis infection. A single injection of 1 mg. of Aureomycin w*as given 
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into the yolk sac 30 minutes prior to inoculation with serial ten-fold dilu¬ 
tions of psittacosis (6 BC strain) infected yolk sac. The results show that 
49 of the 55 treated embryos survived the infection through the 13th day, 
whereas only 3 of 57 control embryos survived. That the protection 
afforded was not border-line is *hown by the fact that the drug protected 
all embryos that received the 10" 1 and 10~ J dilutions of infectious inocu¬ 
lum, equivalent approximately to 10 million and 1 million lethal doses, 
respectively. Secondly, it is seen that it w’as not possible to demonstrate 
elementary bodies in any of the drug treated embryo yolk sacs, although 
55 of the 59 control embryos w^ere positive. 

The results shown here w r ere found to hold true essentially for all the 
viruses of the psittacosis-lymphogranuloma group (lymphogranuloma 
venereum, psittacosis, SF strain human pneumonitis, mouse pneumoni¬ 
tis, feline pneumonitis, and meningo-pneumonitis F97 strain), as well as 
the rickettsiae of murine typhus, epidemic typhus, scrub typhus (Karp 
strain), Rocky [Mountain spotted fever, boutonneuse fever, South 
African tick-bite fever, rickettsialpox. North Queensland tick typhus, 
and Q fever (original Montana Nine-Mile strain, California bovine strain, 
the D} er strain, Lynn strain, Italian Henzerling strain, and two Swiss 
strains). 

It should be pointed out that although no elementary or rickettsial 
bodies could be demonstrated microscopically in the yolk sacs of Aureo- 
mycin-treated eggs in any of the above named infections, when 4 or more 
yolks sacs from living treated-embryos that received the more concen¬ 
trated inocula w’ere pooled to make a 10 per cent suspension and injected 
into other embryonated eggs, elementary or rickettsial bodies could be 
demonstrated in most instances in the yolk sacs of the first passage eggs. 
Hence, it is apparent that chick embryos that received massive infecting 
doses were not entirely freed of the infectious agent by a single injection 
of Aureomycin. In all probability a quantitative relationship exists be¬ 
tween the do&age of the infecting agent and the dosage of Aureomycin 
used. Further experiments along these lines are in progress. 

[More recent experiments with psittacosis and epidemic typhus have 
shown that treatment of infected embryonated eggs with Aureomycin 
may be delayed as long as 24 hours post infection with marked beneficial 
results. 

Effect of A ureomycin in vitro. In experiments carried out with epidemic 
typhus, murine typhus, Q fever and psittacosis, it was found that Aureo¬ 
mycin showed little or no direct virucidal or rickettsiacidal activity. 
This was demonstrated in experiments in which 2 portions of the infec¬ 
tious agent under test w T ere prepared; one contained the infectious agent 
suspended in 0.1 per cent casein solution pH 7.0, whereas the other con¬ 
tained the infectious agent in 0.1 per cent casein solution in which was 
dissolved 1 mg. of Aureomycin per ml. The final concentration of infected 
yolk-sac suspension in the mixtures varied from 1:100 to 1:1000. The 
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mixtures were held at room temperature for 30 minutes and then titrated 
in embryonated eggs. In all instances the LD 60 titers of the two portions 
were practically identical. In experiments of this type, virucidal or 
rickettsiacidal activity apparently was observed only in those eggs that 
received the original mixture in which the antibiotic was present in 
highest concentration 

Table 2 shows the results obtained when mice were injected intra- 

Table 2 
PSITTACOSIS 


• INOCULATION OF 
j YOLK-SAC SUSP 

TREATMENT* 
IMG DAILY 

SURY/YAL RATIO 

OF MICE 

17 DAYS AFTER INOC 

ROUTE 

DILUTION 

NO OF DAYS 

TREATED | CONTROLS 



i ' 

4/10 

I 


1 3 

IO/IO 


** 

i 

1 

/ P 

io- 3 

j 5 

9/10 



1 ' 

3/9 



i 

L __ 

j O/IO 


* TREATMENT STARTED 24 HOURS AFTER INOCULATION 
*» IQ' 3 - 47000 LD S0 


peritoneally with approximately 47,000 LDjo of psittacosis infected 
yolk-sac inoculum and treated with Aureomycin by the subcutaneous 
route with 1 mg. per day for 1, 3, 5, and 7 days, starting treatment 24 
hours after infection. The results show’ that a minimum of 3 injections of 
1 mg. each daily w’cre required to give complete protection to the treated 
mice. However, a single injection of 1 mg. showed some protection since 
4 out of 10 mice survived in this group, whereas all the controls died. 

Table 3 shows the results obtained w’hen mice were injected intra- 
cerebrally with graded doses of lymphogranuloma venereum virus and 
treated with Aureomycin by the subcutaneous route with 1 mg. per day 
for 7 days, starting 24 hours post infection. It is seen that 39 of the 40 
mice treated were completely protected, whereas all 39 mice receiving 
the same infectious dilutions died. Similar results have been obtained 
with mice infected intracerebrally with the 6 BC strain of psittacosis 
virus. These finding s are noteworthy in view of the fact that Smadel and 
Jackson (1948) reported that Chloromycetin show’s no beneficial effect in 
mice infected intracerebrally with either of the above viruses. These re¬ 
sults indicate that Aureomycin is more active and that it must be able to 
pass the blood-brain barrier in order to protect mice against intra¬ 
cerebral infection with the psittacosis-lymphogranuloma group of viruses. 
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Table 3 

LYMPHOGRANULOMA VENEREUM 


i INOCULATION OF 

TREATMENT 

* SURVIVAL RATIO 

YOLK-SAC SUSP 

DAILY 

OF MICE 

ROUTE 

D/L UTION 

j TREATED 

CONTROLS 

1 

9 ** 
10’ 2 

MG 

1 




9/9 

0/U 


10’* 


10/10 « 

0/9 5 

/ C 

!0’ 4 

1 0 

| I//II 1 

0/9 j 

1 

tO’ s 


| 9/10 1 

O/IO 

1 

, 10’* 

!_1 


I 

J_1 

3/10 

t 


* TREATMENT STARTED 24 HOURS AFTER INOCULATION 


AND CONTINUED FOR 7 DAYS 
**/0‘* = 13000 L Dso 

Table 4 shows the results obtained when mice weie injected intra- 
cerebrally with approximately 500 LD o0 of lymphogranuloma venereum 
virus and treated with Aureomycin by the subcutaneous route with 1 mg 
per day for 3 days, starting treatment 24, 48, 72, and 96 hours post 
infection. It is seen that of the 10 active mice treated within 24 hours, all 
survived. Those treated at 48 hours, at which time 2 were sick and 6 w T ere 
active, all survived. With those treated at 72 hours, at which time all 9 
were sick, 7 of the 9 survived. Those treated at 96 hours, at which time all 
8 had been sick for 2 days, only 1 of the 8 survived. The results obtained 
in the last group bring up the question—would more mice have been 
saved had the daily dosage been increased or had the number of doses per 
day been increased? 

f\BLE 4 

L YMPHOGRANUL OMA VENEREUM 


INOCULATION OF 
YOLK-SAC SUSP. 
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Table 5 shows the results obtained when mice were injected intra- 
cerebrally with graded doses of lymphogranuloma venereum virus and 
treated with Aureomycin by either the oral or subcutaneous routes. In 
this experiment, it is seen that practically complete protection was 
afforded to all the treated mice. However, it should be noted that the 
mice that received 1 mg. of drug orally or 0.1 mg. subcutaneously were 
sick for 3 or 4 days, whereas the mice that received 5 mg. orally or 1 mg. 
subcutaneously never showed any signs of illness. Furthermore, it should 
be mentioned that although many of the control mice survived the infec¬ 
tion, yet practically all control mice up through the 10“ 7 dilution were 
seriously ill for 16 to 19 days. 
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Table 6 shows the results obtained when mice were injected intra¬ 
venously with approximately 4 LD W of murine typhus (R. typhi) and 
treated with graded doses of Aureomycin, starting treatment 24 hours 
post infection and continuing treatment for 5 days. It is seen that 0.1 mg. 
of Aureomycin is the least amount of drug affording complete protection 
although 0.01 mg. of the drug protected 6 out of 10 mice. 

Table 7 shows the results obtained when mice were injected intra¬ 
venously with approximately 4 LD W of murine typhus (IS. typhi ) and 
treated with Aureomycin by the subcutaneous route with 1 mg. per day 
for 5 days, starting treatment 24,48, 72, and 93 hours post infection. It is 
seen that of the 20 active mice treated at 24 and 48 hours, all survived 
and none showed any signs of illness during the 18-day observation 
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period. With those treated at 96 hours, at which time 6 were dead and 4 
were critically ill, all 4 treated mice survived. In contrast, 9 of 13 controls 
were dead at the end of 96 hours and all were dead by the 5th day. This 
experiment certainly demonstrates the marked beneficial therapeutic 
effect of Aureomycin in mice critically ill with murine typhus infection. 
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Table- 8 shows the results obtained when mice were inoculated eithei 
intraperitoneally or intranasally with rickettsialpox (R akan) and 
treated subcutaneously with Aureomycin for 12 days, starting 24 hours 
post infection. It is seen that all mice infected by the intraperitoneal 
route survived the infection without showing any signs of illness, regard¬ 
less of whether they received 1 or 2 injections per day. In contrast, the 
3 out of 10 controls that survived the infection were seriously ill for 7 
to 10 days. 

The mice infected intranasally and treated with Aureomycin likewise 
•survived the infection without showing any signs of illness, whereas the 
3 out of 9 controls that survived w T ere seriously ill for 8 or more days 
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Table! 9 shows the results obtained when mice were injected intra¬ 
peritoneally with graded doses of yolk sacs infected with the Karp strain 
of scrub typhus (R. tsutsugamushi) and treated either orally or sub¬ 
cutaneously with Aureomycin, giving treatments on the 3rd, 4th, 7th. 
8th, 11th, and 12< h days post infection. It was found that 5 mg. of Aureo¬ 
mycin by the oral route completely protected all treated mice even 
though the infecting dose was as high as ten million lethal doses. One mg. 
of the drug by the oral route failed to protect any of the mice against ten 
million lethal doses, but protected 3 out of 5 mice against one million, 
and one-hundred thousand lethal doses, respectively, and completely 
protected 5 out of 5 mice against ten-thousand lethal doses. One mg. of 
Aureomycin given subcutaneously allowed 4 out of 5 mice to survive 10 
million lethal doses, although all of these showed signs of mild illness for 
4 days. The same amount of drug completely protected 5 out of 5 mice 
against one million lethal doses. In contrast, 39 of the 40 controls died 
from scrub typhus within 6 to 19 days post infection. 
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Figure 1 shows the results obtained when guinea pigs were injected 
intraperitoneally with graded doses of yolk-sac suspension infected with 
Rocky Mountain spotted fever (R. ricketisii), Bitterroot strain. Treat¬ 
ment with Aureomycin was started 48 hours post infection and consisted 
of 3 mg. subcutaneously once a day for 5 days. The relative temperature 
charts of the treated and control guinea pigs are shown in the slide. It 
should be pointed out that the charts represent the average temperatures 
of 5 guinea pigs in each of the treated groups and of 4 guinea pigs in each 
of the control groups. Ten out of 12 of the control guinea pigs showed 
scrotal swelling and 4 out of the 12 died. It is seen that complete protec¬ 
tion against fever was afforded all treated guinea pigs against at least 
2,500 infectious doses. Furthermore, none of the treated animals showed 
scrotal swelling or other signs of illness. 

Figure 2 shows the results obtained when guinea pigs were injected 
intraperitoneally with 1 ml. of a 10 per cent brain suspension infected 
with epidemic typhus (R. prowazeki), Breinl strain. Treatment with 
Aureomycin was initiated on the 3rd, 4th, 5th, and 6th days post infection 
and consisted of 3 mg. subcutaneously once a day for 5 days. The average 
temperature charts of the guinea pigs in each group are shown in the 
chart. Groups 1,2, and 5 each coitained 4 guinea pigs, while Groups 3 and 
4 had 5 guinea pigs each. Note that if treatment was initiated before 
fever appeared, the febrile reaction was completely suppressed. If treat¬ 
ment was initiated after fever appeared, the temperature was brought 
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--- TREATED — CONTROLS 

FigLRE 1. Treatment of guinea pigs inoculated intraperitoneally using yolk-sac suspension infected with 
Rocky Mountain spotted fe\et. 



Figure 2 . Treatment of guinea pigs inoculated intraperitoneally with 10% brain suspension infected 
with epidemic typhus. 
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hack to normal within 24 to 48 hours. In contrast the control guinea pigs 
showed fever tor an average of 7 days. 

Table 10 *hows the results obtained when guinea pigs were injected 
intraperitoneally with graded doses of spleen suspension infected with Q 
fever (f. burnetii ,, Xine Xlile strain. Treatment with Aureomycin was 
started 24 hours post infection and consisted of 2.5 mg. subcutaneously 
twice a day for 8 days* It is seen that none of the 14 treated guinea pigs 
showed any febrile response or other signs of illness, whereas all 15 of the 
controls showed fever, in dilutions as high as 1:1,000,000. 
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Figure 3 show’s the results obtained w’hen guinea pigs w r ere injected 
intraperitoneally with a 1:500 spleen suspension of Q fever, representing 
approximately 10,000 infectious doses. Treatment by the subcutaneous 
route with graded doses of Aureomycin v r as started 24 hours post infec¬ 
tion and continued for 10 days. 

The chart presents the average temperature of 4 guinea pigs in each 
group. The importance of the quantity of Aureomycin used in the daily 
dose is shown by the fact that Group 1 guinea pigs winch received a daily 
dose of 3 mg. showed no febrile response; Group 2 vilich received 1 mg. 
daily showed low-grade fever for 48 hours; Group 3 uilich received 0.5 
mg. daily showed the expected temperature rise but for a shortened 
period of time, namely 4 days; Group 4 w’hich received 0.1 mg. daily 
showed no apparent difference from the control group and on the 4th day 
of fever the daily average dose of Aureomycin was increased to 4 mg. 
The temperature showed a drop to normal within 24 hours and stayed 
normal. The increased dosage w T as maintained for a total of 4 days. Con¬ 
trols receiving the same infectious inoculum showed continuous high- 
grade fever for 8 days, and controls receiving the same inoculum diluted 
to 1:10,000 times showed a lower temperature rise for 4 days 
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Fioiris 3. Treatment ol guinea pigs inoculated intrapentoneally using spleen suspension infected with 
Q fever. 


Figure 4 shows the results obtained when guinea pigs were injected 
intraperitoneally with a 1:500 spleen suspension of Q fever, representing 
approximately 10,000 infectious doses. Treatment with Aureomycin was 
started on the 3rd, 4th, 5th, 6th, and 7th days post infection and consisted 
of 3 mg. subcutaneously once a day for 3 days. The charts represent the 
average temperature of 4 guinea pigs in each group. It is apparent that 
all treated guinea pigs showed a return to normal temperature within 
48 hours after the beginning of treatment, irrespective of the duration of 
fever prior to treatment. Essentially the same results were obtained in 
similar experiments carried out in guinea pigs infected with Rocky 
Mountain spotted fever and epidemic typhus. 

In summary, from the data obtained thus far, the following general 
observations appear to be warranted: 

1 . The antibiotic Aureomycin has been shown to possess marked 
therapeutic activity against the viruses of the psittacosis-lymphogranu¬ 
loma group and rickettsiae of the spotted fever, typhus fever, scrub 
typhus fever and Q fever groups in embryonated hens' eggs, mice, and 
guinea pigs. 

2. Aureomycin shows no apparent in vitro activity. 
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3. If guinea pigs receive a massive dose of infectious material and then 
are treated with Aureomycin before symptoms appear, no fever or other 
signs of illness develop, but antibodies in measurable degree are induced, 
and the animals are immune on subsequent rechallenge. On the other 
hand, if guinea pigs receive relatively small doses of infectious material 
and then are treated with Aureomycin before symptoms appear, no fever 
or other signs of illness develop, nor do antibodies always appear and the 
animals may or may not be immune on rechallenge. These findings in¬ 
dicate a quantitative relationship between the dosage of infec ting agent 
and the dosage and time of administration of Aureomycin. 

_ b Regardless of the length of time fever has been apparent in guinea 
pigs infected with Rocky Mountain spotted fever, epidemic typhus or 
Q fever, the a nimal s in most instances may be rendered afebrile within 
48 to 72 hours by a single daily subcutaneous injection of 5 to 6 mg. of 
Aureomycin per kilogram body weight, for 3 to 5 days. 

5. Aureomycin shows marked therapeutic activity orally, as well as 
Parenterally, for mice infected intraperitoneally or intracerebrally with 
psittacosis or lymphogranuloma venereum viruses, or for mice infected 
intravenously or intranasally with rickettsialpox or murine typhus. 
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6*. The question as to whether treatment with Aureomycin frees the 
tissues of the host from the infectious agent arises. This problem is under 
investigation, but the following comments may be made at the present 
time: Mice infected with large doses of psittacosis or lymphogranuloma 
venereum viruses and surviving following treatment with Aureomycin 
were found to harbor the infectious agent in their liver and brain~ re¬ 
spectively, vhen sacrificed on the 17th day post infection. However, 
animals similarly infected and treated were found to be free of the in¬ 
fectious agent when tested on the 42nd day. In contrast, control animals 
infected with relatively small, nonfatal doses showed the infectious 
agent in their tissues at least through the 42nd day. 

7 . In other experiments carried out in our section, Aureomycin failed 
to show any therapeutic activity against the following viral infections: 
B strain of influenza, canine distemper, rabies, Newcastle disease, 
Venezuelan equine encephalomyelitis, and MEF-1 strain of poliomyelitis. 
Preliminary experiments with mumps virus infected chick embryos 
show ed that Aureomycin reduced or completely inhibited the production 
of virus as measured by the hemagglutinating activity of the virus 
(allantoic fluid) for chicken red cells, but had no effect on the hemag¬ 
glutinating activity of the vims in vitro , and apparently had no apprecia¬ 
ble influence on the rate of multiplication and infective titer of the 
mumps vims as measured by infeetivity tests carried out in embryonated 
hens' eggs. 
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AUREOMYCIN—A NEW ANTIBIOTIC WITH ANTIRICK- 
ETTSIAL PROPERTIES: ITS EFFECT ON EXPERIMENTAL 
SPOTTED FEVER AND EPIDEMIC TYPHUS* 

By Ludwik Anigstein, Dorothy M. Whitney, and Joe Beninson 

Rickettsial Research Laboratory, Department of Preventive Medicine and Public Health , 
University of Texas Medical Branch, Galveston, Texas 

TPHE new antibiotic recently isolated by the Lederle Laboratories 
Division, American Cyanamid Company, from the mold Streptomyces 
aureofaciens Duggar, 1 and named Anreomycin, has an unusual spectrum 
of activity covering a vide range of pathogenic organisms including 
rickettsiae and certain viruses. 2 * 3 

The present report concerns the activity of aureomycin in two rickett¬ 
sial diseases, namely, spotted fever and epidemic typhus. The observa¬ 
tions are based on the clinical, pathological and immunological responses 
of the infected guinea pig under treatment with the antibiotic. 

Materials and Methods 

The highly virulent strain of Rocky Mountain spotted fever obtained 
from the Rocky Mountain Laboratory induces in guinea pigs clear-cut 
symptoms, characteristic pathological lesions, and a fatality rate of 
100 per cent. The well known Breinl strain of epidemic typhus was sup¬ 
plied by Dr. J. C. Snyder of Harvard in cotton rats from which it has 
been established in guinea pigs. Whereas the incubation period in experi¬ 
mental spotted fever seldom exceeds 4 days, the typhus infected guinea 
pig reacts with abrupt fever after 7-8 days. In both infections, the fever 
runs between 40° and 41° C., usually of a continuous type over a period 
of 5-7 days. There is no fatality among guinea pigs due to typhus 
infection. 

Transfers of spotted fever were made by the intraperitoneal or sub¬ 
cutaneous routes, injecting 1 ml. of a 10 per cent splenic emulsion derived 
from a frozen spleen of an infected guinea pig and suspended in skim milk. 
A fairly homogeneous suspension was secured by filtration through double 
surgical gauze. For typhus, similarly treated brain tissues served as the 
source of infection. Constant volumes of 1 ml. of the infectious material 
were used in all experiments. 

Aureomycin hydrochloride was supplied by the Lederle Laboratories 
in two forms: rials containing 20 mg. of the golden-yellow powder, readily 
soluble in water for parenteral use; capsules each containing 50 mg. of 
the antibiotic with a small amount of impurities present. The latter form 

♦This study is supported by a grant from the Lederle Laboratories Division. Wrican l\anamid 
v ompany 
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is designated for oral use only. Both modes of administration were used 
in the present study. 

Guinea pigs of both sexes, 400-500 gm. body-weight were used and 
maintained prior and during the experimental period in an air-condi¬ 
tioned laboratory (76 78° F). Daily rectal temperatures of the animaK 
were recorded for at least 18 days during the infection. 

Experiments and Results 

Following the unpublished reports of Lederle Laboratories, the general 
trend of the present study was to establish an efficient mode of adminis¬ 
tration of aureomycin which will protect the guinea pig from disease. 
This includes the minimum effective dosage, the frequency of administra¬ 
tion, and the duration of the treatment. Emphasis was placed on the 
initial phase of the infection covering the entire or partial incubation 
period. Except for two series of experiments when the initial dose of the 
drug followed shortly after the infection, in all other series a delay of 
24 or 48 hours in the treatment was adopted. Furthermore, attempts 
were made to establish the longest delay in drug administration, to coun¬ 
teract the disease and to inhibit febrile reactions while the disease was in 
progress. Consequently, clinical prophylaxis combined with curative 
measures w ere the objectives of the present study. 

The activity of aureomycin in experimental rickettsial infections has 
been first investigated by the Lederle Laboratories. Their unpublished 
progress reports included spotted fever and Q fever in guinea pigs; 
rickettsialpox and murine typhus in mice. The tests with spotted fever 
showed that a daily subcutaneous injection of 4 mg. of aureomycin, 24 
hours after infection and over a period of 7 days, protected guinea pigs 
against the infection. The total dosage in these experiments amounted 
to 28 mg. or 60 mg. kg. per guinea pig. Similar results were recorded in 
guinea pigs infected with Q fever and treated with 5 mg. daily for a total 
of 8 days (90 mg. kg.). The tests against murine typhus in mice injected 
daily for 5 days with 0.1 mg. aureomycin resulted in protection against 
otherwise lethal typhus infection. No untoward or toxic effects of this 
dosage were reported by the Lederle Laboratories. 

These encouraging results, offering a wide field for further develop¬ 
ments toward an optimal chemotherapy, stimulated us to elaborate and 
analyze the antirickettsial activity of this antibiotic. 

Spotted Fever . Initial tests were performed on a series of 8 guinea pigs 
subcutaneously infected with spotted fever and treated with aureomycin 
by subcutaneous injections of 2 mg. daily for 7 da.ys beginning with the 
day of infection (figure 1). As compared with the controls showing a 
typical course of spotted fever followed by death, the response of all 
test animals was significant; 4 of them remained afebrile during 18 days* 
observation, 2 others reacted with moderate or abortive fevers on the 
13th day, and one responded on the same day with slight fever of one-day 
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Auneomycirv injected sbc 2 mg daily over 7 days 
beginning with the day of infection. + died 

\-in£ectiori; {-aureorntfcin.; o-no treatment 


Fiolr* 1. Spotted +e^i in guinea pigs treated wjth aiireoimcin 


duration. With the exception of one animal which died probably of diar¬ 
rhea and showed hemorrhages at the site of drug injection, all other 
guinea pigs recovered (figure 1). It was concluded from this initial 
series that aureomycin had a definite suppressive effect on the course of 
the infection in preventing the clinical symptoms or attenuating the 
disease after a protracted incubation. 

All recovered guinea pigs of this series were reinoculated by subcutane¬ 
ous route with the routine heavy dose of spotted fever, one month after 
the initial infection. None of the animals showed immunity. 

In the next series, the administration of the drug (2 mg. dail y) was 
initiated 24 hours after infection and continued for 4 days during incuba¬ 
tion (figure 2). Thus, the total amount of the antibiotic was reduced 
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Au-reoraycLTi injected, sbc 2 mg. dcoLg; over 4- daxf-s 
beginning with 2nd daxf of mhction. (B-kitted 


t-Infectwn; \-IjjL.reomycin; o-Ifo treatment 


PiMfRL •£. Spotted ie\er in guinea pigs tieated with aureomycm. 


from the average of 30 mg./kg. to 22 mg./kg. Of 8 test animals, 5 re¬ 
mained entirely afebrile whereas 3 developed spotted fever after 10-14 
days, contrary to the controls which came down with fever after the usual 
4 days incubation. Consequently, despite the 24 hour delay in drug ad¬ 
ministration and the considerable shortening of the treatment, the clinical 
response to the infection was prevented in 62 per cent of animals in this 
series (figure 2). 

No immunity to reinoculation with spotted fever was shown by the 
afebrile guinea pigs. 

A further reduction in dosage w r as made in the third series of 8 guinea 
pigs infected with spotted fever 24 hours prior to drug administration, 
and injected with 2 mg. daily for 2 days and with 1 mg. on the fourth day. 
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A total amount of 5 mg. per guinea pig, or an average ol 12 mg. kg. were 
used during the experiment. As seen from charts of figure 3, moderately 
severe fever reactions (as compared with the controls) were recorded in 3 
guinea pigs after a 10-12 day incubation; two other animals remained 
afebrile and 2 showed abortive and slight fevers. One of them (3492) 
deserves attention because it was treated with 5 mg. of aureomycin 
orally on the 14th day after an abrupt fever attack (40.4° C.) was re¬ 
corded. On the following morning, the temperature subsided as abruptly 
as it rose the day before. 

The prompt response to a single dose of aureomycin given orally justi¬ 
fied further exploration of this procedure. For this purpose, a small 
group of 4 guinea pigs (plus 2 controls) were each given 10 mg. aureomy¬ 
cin in aqueous solution (from capsules) orally 1 hour before the intrar 
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peritoneal infection with spotted fever. The same single dose was re¬ 
peated the following day after which the treatment was discontinued. 
Both untreated controls came down with high fever after 4 days, whereas 
2 test animals showed simultaneous slight temperature elevations on the 
9th day. They were then given a single oral dose of 5 mg. aureomycin in 
distilled water after which the temperature was normal on the following 
morning. Guinea pig 3508 showing a second rise of fever was injected 
with 3 mg. of the drug. Another drop of temperature was recorded. 
The third member of the group (3511) remained afebrile until the 13th 
day when an abrupt rise to 40.2° C. was noted. In this case, high fever 
persisted despite 8 mg. of the antibiotic injected during the first 2 days 
of fever. 

The initial treatment by the oral route was continued in a series ol 
10 guinea pigs with the dosage of 5 mg. /kg. beginning with the second 
day after infection and continued for the following 2 days (figure 4). 
As compared with the controls, which all reacted with abrupt and high 
fevers on the fourth day, the course of the disease in all test animals w r as 
greatly modified. First, in most of the cases, a sheer drop in body tem¬ 
perature to subnormal levels accompanied the intake of the antibiotic. 
This w^as followed by an almost simultaneous but moderate rise of fever 
on the 6th or 7th day after infection. Except for guinea pig 3533 w'hich 
developed a protracted and atypical course of fever, in all 9 animals the 
first attack responded promptly to a single injection of 1-2 mg. aureo¬ 
mycin. In some animals, the temperature remained normal, despite the 
withdrawal of the antibiotic for 6 days, until the afebrile period was 
interrupted by a secondary and longer fever attack on the 10th or 14th 
day (figure 4). Treatment was resumed if and when indicated by fevers. 
As compared with the prompt response of the initial symptoms, the treat¬ 
ment of the secondary fever attacks was as a w r hole less effective. Except 
for 2 guinea pigs wdiieh w r ere killed, all other test animals recovered. 

As to the character of the fever charts, a relapsing type can be recog¬ 
nized beginning with an abortive attack after a prolonged incubation 
period. An afebrile period of several days duration followed and was 
terminated by fever of varying intensity. "Whether the quiescent period is 
due to the activities of the antibiotic per se or is correlated with the 
interaction of immune factors cannot be answered without speculation. 
In this regard, the significant level of aureomycin for at least 24 hours 
after a single injection, as demonstrated in blood of patients with 
lymphogranuloma venereum, should be emphasized. 8 The effect of 
aureomycin in our series becomes more significant considering the severe 
challenge of the intraperitoneal route of the infection resulting in the 
fulminating disease and death in the controls. 

The next inquiry was to establish the longest possible delay in the 
protection against spotted fever by aureomycin. Since, in the great 
majority of the control guinea pigs, the length of the incubation period 
was 72 hours, it was decided to initiate treatment 48 hours after the 
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Fiocee 4. Spotted fever in guinea pigs treated *ith aureomycin. 

infection. A series of 12 guinea pigs was infected intraperitoneaUy with 
the usual dose of splenic suspension. The untreated control guinea pigs 
reacted with abrupt fevers after 72 hours and ran a typical severe course 
of spotted fever. 

To all 12 test animals, a dose of 5 mg. aureomycin in distilled water 
was given orally, 48 hours after infection. An “intermittent” treatment 
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Francis 5 . Spotted fever in guinea pigs treated with aureomycin 


was then adopted by injecting 2 mg. of aureomycin every third day 
(figure 5). 

Except for 4 animals which showed more protracted fevers and re¬ 
ceived a total of 3 or 4 intermittent injections, the remaining 8 guinea 
pigs of this series were injected with 2 mg. aureomycin each on the 5th 
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and 7th day ot infection ^figlke 5). Apart from guinea pig 3554, which 
remained completely afebrile after a total of 10 mg. aureomycin, a wide 
variety of fever reactions was observed in the remaining test animals. 

In some cases, slight temperature elevations of 1, 2 or 3 days duration 
at the early stages of the infection were noted, while protracted and 
moderate fevers were recorded in guinea pigs Xos. 3558 and 3560. 
Definite relapses separated from initial attacks by afebrile periods were 
also observed in this series. On the whole, and as compared with the 
controls, a significant suppression of clinical symptoms was achieved 
when the initial dose w as given 48 hours after the infection followed by 
a short intermittent parenteral treatment. All treated animals recovered, 
gradually regaining the heavy loss in body weight (up to 25 per cent), 
particularly by the end of the first week. 




















Ynigstein et al.: Antirirkettsial Properties 


315 


r 


DAYS 


tmMMyHaaHaaaaaM 

C 

41 

40 

39 

3g 

jBSSnEHRH 


vv 


40 

39 

38 

jTy.ip. 3466 


■BsSSilSI 


40 

39 

38 

±Ty.,t.p. 3474 

_JL_ 

|Ty,i.p. 3473 

- -/ \ 22 

oo4 o + ok&vo 

Kg 

40 

39 

38 

J,Ty,i.p. ^ 3475 

|Ty,i.p ^ ^ 3476 

004040*0 + 0 20 mg/K 3 

o o+o|o| o|o 20rng/Kg 


Intermittent treatment with 2 mg Aumeomycin, 
injected every 4-8 hrs. from, 3rd-to 9th d ay dr InfectionApi 


\-infection; | -aureomifcin; o-no treatment, Q^-krlLled 


Fim hi 7 Epidemic l\phiis in gmneu pitfs limited with juieomyoin. 


Epidemic Typhus, The characteristic and consistent fever reactions 
of guinea pigs infected with the well-established strain of epidemic typhus 
were the criteria for evaluating the (‘fifed of aureomycin on this rickett¬ 
sial infection. 

In a series of 8 guinea pigs, oral administration of aureomycin was 
initiated 24 hours after intraperitonoal infection with typhus brain sus¬ 
pension (figure (*>). The dosage of 5 mg./kg. guinea pig per day for 4 
eonseeutive (lays was given, after which the treatment was discontinued. 
In the 4 untreated controls, a fiharp rise of fever was recorded on the 7th 
day, and remained on a high level for the next 7 days. In sharp contrast, 
4 test animals remained afebrile during the 18-day observation, while 
I showed slight or moderate fevers on the 15th or 16th day. As a whole, 
typhus fever was either entirely suppressed or reduced to abortive negli¬ 
gible attacks after a considerably prolonged incubation. 

The mode of treatment of the next series of 6 guinea pigs consisted in 
parenteral administration only, given at intervals every third day and 
beginning 48 hours after i.p. infection (figure 7). Daily subcutaneous 
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injection^ were given on the 3rd, 5th, 7th, and 9th day of the infection, 
whereupon the treatment was discontinued. 

Irregular intermittent fever attacks developed in 3 guinea pigs after a 
protracted incubation while the other 3 guinea pigs remained afebrile.. 

Xo reports by other authors on the action of aureomycin on epidemic 
typhus were available. However, murine typhus in mice was investi¬ 
gated by the Lederle Laboratories. The results of Wong and Cox indi¬ 
cate that aureomycin affords complete protection to a lethal dose of 
murine typhus in mice. 

Summary and Discussion 

It is evident from the results of the present study that aureomycin is 
provided with potent antirickettsial properties as previously reported by 
the Lederle Laboratories. In their early progress report, a daily injection 
of 4 mg. aureomycin per guinea pig given over a period of 7 days (total 
62 mg. kg.) protected the infected animals from spotted fever. In our 
experience, a protection against spotted fever w T as achieved with less 
than half or even with one-third of this dosage W’hen treatment w'as 
initiated 24 or 48 hours after i.p. infection. It was also found that daily 
Treatment for 7 consecutive days had no appreciable advantage over 
intermittent administration every third day with lesser amount of the 
antibiotic. The various modifications of the treatment still in progress 
seem to indicate that the initial phase of chemotherapy has a decisive 
influence, not only on the prolongation of the incubation period, but also 
on the ultimate complete or partial suppression of clinical symptoms. 
In the latter case, they are of the abortive type and can be checked in 
most cases by single injections of 1-2 mg. aureomycin. Late relapsing 
attacks of spotted fever are less responsive to treatment and point to a 
latent character of the suppressed infection. With the exception of a 
few' guinea pigs which developed diarrhea and died, all test animals 
recovered, contrary to the 100-per-cent fatality rate of the untreated 
controls. 

In typhus infected guinea pigs, still more consistent results were 
achieved. With the exception of a few abortive and late fever reactions, 
the protection in the great majority of cases was complete. This was 
obtained by initial oral treatment 24 hours after injection with 5 mg., kg. 
daily per animal for 4 consecutive days. Similar beneficial effects of 
aureomycin resulted from parenteral treatment beginning 48 hours after 
infection and then at 48-hour intervals for 4 days. 

In studying the temperature curves of infected guinea pigs, attention 
was paid not only to the febrile reactions, but also to the afebrile periods. 
In the light of our previous experience with PABA, it w r as assumed that 
the effect of aureomycin is due, like PABA, to its rickettsiostatic activity 
resulting in the inhibition of rickettsiae and in the suppression of symp¬ 
toms. A disturbance of the balance betw r een the inhibited rickettsiae and 
the defensive mechanism of the infected host would then explain the 
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flares of abortive attacks and relapses. Consequently, an immunity to 
the homologous rickettsiae should be afforded by the subelinical infec¬ 
tion as was the case in PABA treated guinea pigs. However, in pre¬ 
liminary experiments, aureomycin-treated guinea pigs showed no immun¬ 
ity to reinoculation with massive infective doses of spotted fever. Fur¬ 
thermore, spleen of afebrile guinea pigs under antibiotic treatment when 
injected into normal ones induced no reactions. These results are com¬ 
parable with the early findings of the Lederle Laboratories on murine 
typhus in mice in which, after treatment, no latent infection was found. 

This intricate phase of the immune phenomena in chemotherapy 
deserves further investigation, which is in progress. 

Addendum 

While this paper was submitted for publication, the series illustrated 
in figure 5 was reinoculated with spotted fever 4 weeks after the initial 
infection. Splenic suspension in 1:100 dilution was used for these tests 
instead of 1:10 as previously injected. Complete immunity was estab¬ 
lished in every guinea pig tested, regardless of its previous clinical 
responses. The immunity developed by afebrile guinea pigs is significant 
as it indicates a symptomless (inapparent) infection due to the sup¬ 
pressive, rickettsiostatic action of aureomycin. 
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THE TREATMENT OF LYMPHOGRANULOMA VENE¬ 
REUM AND GRANULOMA INGUINALE IN 
HUMANS WITH AUREOMYCIN* 

By L. T. Wright, M. Sanders, M. A. Logan, A. Prigot, 
and L. M. Hill 

Surgical Depaitnuni of Harlem Hospital , Department of Hospitals , PorA: City, 

and the Ophthalmological Department , College of Physicians and Swgeons, 
Columbia t'niversity, Xew York , -V. T. 

I N a preliminary study which is hi press, 1 we have reported results in 
twenty-five eases of lymphogranuloma venereum treated with 
Aureomycin. This study was conducted between January 22nd, 1948, 
and April 24th, 1948. The results obtained with this new therapeutic 
agent were so superior to all other forms of therapy 2 that had been used 
by us that we did not hesitate to continue its use. In the earlier paper, it 
wa& stated that Aureomycin was used for the first time in human beings. 
Apparently we were dealing with an antibiotic that could cure this virus 
infection in humans. 

The present paper confirms our previous observations. It is a report 
of ten additional cases of lymphogranuloma venereum, treated with 
Aureomycin since our original article was sent in for publication. It also 
includes a follow-up report on fourteen of our original twenty-five cases, 
and a preliminary report on the use of Aureomycin in three cases of 
granuloma inguinale. 

Lymphogranuloma Venereum 

To date, the total number of patients to whom we have administered 
Aureomycin, as the sole form of specific therapy, is thirty-five, and it 
should be stated that they were all hospitalized. This was done so that 
we could be sure that the patients received an adequate amount of the 
drug imder controlled conditions and, also, so that we could properly 
evaluate the results. 

Most patients received 10 to 40 mg. of Aureomycin daily, by intra¬ 
muscular injection. The drug was dissolved in 2 cc. of normal saline solu¬ 
tion. In our previous series, a mild, hypochromic anemia developed when 
we used a special diluent. In all cases, the anemia was corrected by the 
administration of folic acid and iron (Folvron). In some of our earlier 
cates, we used folic acid and iron as an anemia preventive, while in this 
group we found this precaution unnecessary. 

Because of a pie-existing anemia, two patients in this series received 
folic acid and iron while being treated wdth Aureomycin. We feel that the 

* We are grateful to the late Dr. Y. SubbaRow and his associates at the Lederle Laboratories Division, 
American Cy ana mid Company, for their cooperation and for the Aureomvcin used. 
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change from the special diluent to normal saline solution, as a vehicle; 
has apparently eliminated further serious consideration of anemia in re¬ 
lation to Aureomycin. 

In the dosage used, we found that Aureomycin was non-toxic. Very feu 
patients complained of pain at the site of injection and none had am 
systemic reaction. Its daily use over a three-month period of time did not 
produce any damage to any of the body systems; in particular, we ob¬ 
served no allergic skin reactions, no evidence of agranulocytosis, nor any 
changes in the peripheral or central nervous systems. 

This use of Aureomycin is of great significance because it represents, for 
the first time, the high probability of a cure of a virus disease in a human 
being. Data bearing on this subject were presented in our original paper. 
The clinical results reported in this paper lend additional weight to this 
point. Our results were very gratifying and seemed to parallel those ob¬ 
tained by Wong and Cox 3 who demonstrated that Aureomycin showed 
remarkable therapeutic value in mice, injected intracerebrally with the 
virus of lymphogranuloma venereum. In the light of the evidence at 
hand, we feel that if Aureomycin is used in the early stages of the disease 
and in proper dosage, it will cure certain, if not all strains of lympho¬ 
granuloma venereum infections. Further data bearing on proper dosage 
and period of administration is needed. 

Material. The ten new cases of lymphogranuloma venereum infection 
consisted of four cases of buboes, two cases of acute proctitis and four 
cases of rectal stricture. 

The diagnosis, in each instance, was made by the usual clinical criteria 
—and all patients gave positive Frei reactions. 

Treatment . Eight patients received 20 mg. of Aureomycin daily, by 
the intramuscular route. Aureomycin was used orally in two cases in the 
following manner: a 300 mg. dose was given every four hours—i.e., using 
5 mg. per kilo of body weight. 

The results obtained in these ten cases demonstrated, again, the effi¬ 
cacy of the drug as a specific therapy for this disease. 

Lymphogranuloma Case Reports . Brief abstracts of these ten cases are 
as follows: 

Bubo Cases: 

Case 1 . A twenty-four-year-old male entered the hospital, with en¬ 
larged inguinal nodes, which had been present for two weeks. On the right 
side, enlarged inguinal nodes measured 5 cm. in diameter. On the left, 
the nodes measured 2.5 cm. in diameter. There was a urethral discharge 
which was negative for gonococci, on smear and culture. 

The patient was given 300 mg. of Aureomycin, orally, four times a day. 
from May 8th to May 14th. At the end of the third day of treatment, the 
nodes on the right side had reduced to 4 cm. in diameter. By the end of 
the fifth day of treatment, all tenderness had disappeared and the nodes 
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on both sides were reduced to half their previous size. The urethral dis¬ 
charge had disappeared under treatment. 

This patient then left the hospital, against advice, at the end of six 
days, and did not return to the follow-up clinic. 

Case 2. A twenty-nine-year-old female entered the hospital, complain¬ 
ing of vaginal discharge and a swollen, tender inguinal mass of two and 
one-half weeks’ duration. Physical examination revealed a matted, tender 
group of nodes in the right inguinal region which measured about 2 x 
3.5 cm. 

The patient was given 300 mg. of Aureomycin, orally, four times a day 
from April 28th to May 9th, 1948. The tenderness in the nodes disap- 

Table 1 


Fot r New Cases of Buboes 


Case Agt 
Xo. sex 

Days on 
set vice 

Lesion 

duration 

Diagnosis 

Dosage 

Results 

1 24-M 

7 

2 weeks 

Rt. bubo 2" 

diameter- 

Lt. bubo 1" 

diameter- 

Urethral 

discharge 

300 mg. Q.I.D 
orally 

Total 8,400 mg. 

After 3 days, 
rt. li"diameter- 
After 5 days, 
rt. 1" diameter- 
lt. i" diameter. 


300 mg. Q.I.D. After 1 day, 

orally node 2x3 cra- 

Total 14,400 mg. After 72 hours, 

node 1} cm. in 
diameter- 
After 8 days, 
node disappeared. 

3 21-M 23 4 weeks Lt.bubo 20 mg. I.M. O.D. After 4 days, 

4 x 6 cm. Total 460 mg. mass non-tender- 

50 % reduction 

_ in size 

4 28-F 7 2*weeks Lt.bubo 20mg.I.M.O.D. After3days, 

5 cm. in Total 140 mg. mass non-tender- 

diameter 50% reduction 

in size. 

peared in twenty-four hours and in three days the node diameter was half 
of its previous size. By the eighth day the mass had disappeared. 

The patient was discharged on the eighth day of hospitalization and 
did not return to the follow-up clinic. 

The patient received a total of 14.4 grams of Aureomycin. 

Case S . A twenty-one-year-old male entered the hospital with a 
history of swollen nodes in the left groin of four weeks’ duration. Physical 
ex amin ation revealed a tender, matted mass of left inguinal nodes, meas¬ 
uring 4x6 cm. 

The patient was given a daily intramuscular injection of 20 mg. of 
Aureomycin from June 15th, 1948, to July 8th, 1948. At the end of the 


2 29-F 11 2J weeks Rt. bubo 

2 x 3*cm. 
Vaginal 
discharge 
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fourth day of treatment, the tenderness had disappeared and the mass 
had shrunk to half of its previous size. 

On July 17th, at the time of last examination, there was present a small 
area of induration 2 5 cm. in diameter, and the patient was symptom- 
free. 

Case 4. A t\\ enty-eight-year-old female entered the hospital, complain¬ 
ing of a tender mass in the left groin. Physical examination revealed a 
tender, matted mass of nodes in the left inguinal region 5 cm. in diameter. 

The patient was given a daily injection of 20 mg. of Aureomycin from 
May 12th to May 19th, 1948. At the end of the third day of treatment, 
the mass decreased to one-half the original size and was non-tender. 

After seven days of treatment the patient was so improved that she 
left the hospital, against advice. We have not seen her since. 

(The bubo cases are tabulated in table 1.) 

Proctitis Cases: 

Case 5. A thirty-four-year-old female entered the hospital on April 
28th, 1948, complaining of a foul-smelling rectal discharge and rectal 
pain of two months’ duration. Physical examination revealed a severe 
proctitis. On proctoscopic examination, the rectal mucosa was granular 
in appearance, and covered with yellowish plaques of pus. There was a 
thin, foul-smelling rectal discharge. 

The patient was given daily injections of 20 mg. of Aureomycin from 
April 29th, 1948, to May 9th, 1948. Two days after the beginning of 
treatment, there was a marked reduction in the rectal discharge and pain. 
The discharge disappeared at the end of four days of treatment and, at 
this time, proctoscopic examination revealed normal rectal mucosa. 

The patient left the hospital, greatly improved, but we have not seen 
her since. 

Case 6. A forty-two-year-old female entered the hospital with a five- 
week history of rectal pain and discharge. Physical examination revealed 

Table 2 

Two New Cases of Proctitis 
Case Age Days on Lesion 

No. sex service duration Diagnosis Dosage Results 

5 39-F 19 2 months Proctitis- 20 mg. I.M. Marked reduction 

with profuse Q.I.D. total of discharge after 

rectal dis- 220 mg. 48 hours, 

charge Complete disap¬ 

pearance after 4 
days. Proctoscopic 
examination 
showed normal 
rectal mucosa. 

6 42-F 12 5 weeks Proctitis- 20 mg. I.M. Rectal bleeding 

with rectal Q.I.D. total 220 and pain disap¬ 
bleeding and mg. peared after 

pain 7 days. 
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a profuse, thin, seropurulent, foul-smelling rectal discharge. She had a 
soft, tender, bleeding stricture about one and one-half inches from the 
anal verge. 

She was given a daily intramuscular injection of 20 mg. of Aureomycin 
from June 26th, 1948, to July 6th, 1948. After seventy-two hours, there 
was a marked decrease in rectal pain and discharge. On the eighth day 
alter the onset of treatment, rectal bleeding and pain disappeared. The 
soft stricture was not to be felt, and proctoscopic examination was 
negative. 

In this instance, the stricture was obviously due to mucosal and sub¬ 
mucosal edema, which subsided under treatment. She was discharged, 
apparently cured. 

(See table 2 for thebe cases. ■ 

Rectal Stricture Cases: 

Case ?. A forty-eight-year-old female was admitted to the hospital on 
April 20th, 1948, complaining of constipation. On examination, a hard, 
fibrous rectal stricture, which did not admit a fingertip, was palpated 
above the anus. 

She was given 20 mg. of Aureomycin, intramuscular, for a period of 
sixteen days. After 320 mg. had been given, there was no change in the 
stricture, although the patient felt better. The constipation persisted and 
a colostomy was performed. 

She was discharged from the hospital on June 12th, 1948, improved. 

Case S. A thirty-eight-year-old female complained of constipation and 
of having pencil-sized stools. She was admitted to the hospital on May 
17th, 1948. On examination, she had a rectal stricture which did not 
admit the tip of a finger. She was observed for thirty-five days in our 
hospital. 

She received 20 mg. of Aureomycin each day for twenty-eight days—a 
total dose of 560 mg. The stricture did not improve. However, the second¬ 
ary infection disappeared under therapy, and on the twenty-fifth day of 
hospitalization she was colostomized. 

Case 9. A sixty-two-year-old female entered the hospital on May 19th, 
1947, complaining of severe constipation, which had been growing worse, 
for six years. Examination showed a rectal stricture 3 cm. above the 
ano-cutaneous junction. This did not admit a fingertip. 

She was given Aureomycin in 20 mg. doses daily, by intramuscular 
injection, until she had received a total dosage of 140 mg. Under treat¬ 
ment, the diameter of the stool doubled and she reported that bowel 
movements were “easier than in years.” She was subjectively improved 
and left the hospital, against advice, seven days later. 

Case 10 . A thirty-one-year-old female entered the hospital, complain¬ 
ing of the passage of stools per vagina, for six weeks. She gave a history 
of having had rectal trouble for ten years, and of a suprapubic hysterec¬ 
tomy, performed at another hospital, three years ago. On rectal examina- 
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tion, she showed a stricture that had closed down tightly and did not 
admit a fingertip. It was hard on palpation. Vaginal examination showed 
a recto-vaginal fistula, which measured about 1.5 cm. in diameter. 

She received 20 mg. of the drug in daily doses, beginning June 20,1948, 
until a total dose of 400 mg. had been given. There was no change in the 
stricture, and, as was to be expected, there was no improvement in the 
fistula. Obviously a colostomy was indicated in this case. 

(See table 3 for these four rectal stricture cases.) 

Table 3 

Four New Cases op Rect\l Strictures 

Days Lesion 
Case Age on dura - 

Xo. sex service tion Diagnosis Dosage Results 

7 48-F 53 Many Rectal stricture 20 mg. IM. Colostomy perfoimed. 

years does not admit Total 320 mg. Secondary infection 
fingertip improved. X o im¬ 

provement of fibrotic 
stricture. 

8 38-F 35 5 years Rectal stricture 20 mg. I.M. Colostomy peiformed. 

does not admit Total 560 mg. Secondary infection 
fingertip improved. Xo im¬ 

provement of Abiotic 
stricture. 

9 62-F 36 10 years Rectal stricture 20 mg. I.M. Diameter of stools 

does not admit Total 140 mg. doubled in size. Home 
fingertip against advice. Xo 

change in stricture. 

10 31-F 20 10 years Rectal stricture 20 mg. I.M. Secondary infection 

Recto-vaginal Total 300 mg. improved. Xo change 
fistula in stricture. 

The results obtained in the treatment of these ten new cases, whether 
by the intramuscular or oral route, were similar, in every regard, to the 
results obtained in our previous series of twenty-five cases. The acute 
manifestations of lymphogranuloma venereum, namely the buboes and 
proctitis cases, were invariably cured. In the cases of rectal stricture, the 
secondary infections were cured and no extension of the lymphogranu- 
lomatous process was observed. 

It is needless to point out that no antibiotic can cure a thick, fibrous 
rectal stricture. In no instance should surgery be withheld when in¬ 
dicated, whether it be colostomy or resection of the stricture. Severe 
mechanical conditions are the only indication for surgery. It is clear to 
us that Aureomycin should be used before surgery in all cases of benign 
fibrous stenosis of the rectum. 
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Follow-up Results i\ Fourteen" of Twenty-Five Previously 
Rlported CAsES* 

We were able to follow up fourteen of the first twenty-five cases 
Treated which had been recorded in our first, as yet unpublished, paper 
on thF subject. We made every effort to get the other cases to return to 
our follow-up clinic, but they did not do so. The follow-up period varied 
from two weeks to four months after discharge from the hospital and 
cessation of the administration of the drug. The follow-up material is 
comprised of two cases of buboes, one case of proctitis, and eleven cases 
of rectal stricture. 

Tv o cases buboes were followed in the Out Patient Clinic. In one case, 
the node had been removed for study and when the patient was examined 
four months later, this operative "wound had healed, per primum , and he 
had no complaints. The other bubo case, when examined two months 
later, was cured and the patient was in excellent condition. We have 
reason to believe that the other bubo cases had improved so much that 
they did not return to the follow-up clinic. 

Only one proctitis case returned to the follow-up clinic. He showed a 
recurrence of symptoms, as evidenced by rectal discharge. In view' of the 
fact that he is an admitted homosexual, v’ho has been the passive partner 
in the practice of sodomy, it is not clear as to whether this is a true 
recurrence or a new T infection. 

Eleven cases of rectal stricture have been followed for period of time 
varying from two weeks to sixteen w'eeks. The average period of time 
since the discontinuance of the use of the drug v’as about eight w r eeks. 

Nine patients have maintained the good results obtained under treat¬ 
ment. They had no rectal pain, discharge or bleeding and, where the 
stool diameter had increased under treatment, this increase remained. 
In several cases "where, on initial examination, the stricture did not admit 
the tip of the examining finger, it did admit the examining finger at dis¬ 
charge from the hospital and throughout the follow-up period. All 
patients stated that they felt much better and considered the result good. 

In one instance, there w'as an apparent relapse. This patient w'as ad¬ 
mitted with a very soft stricture. She remained in the hospital three 
months and received during this time, 320 mg. of Aureomycin intra¬ 
muscularly. On discharge, the stricture could not be palpated and the 
patient v’as apparently cured. One month later she was seen in our 
follow-up clinic, complaining of rectal pain, bleeding, and discharge. On 
rectal examination, no stricture W’as found, but proctoscopic examination 
showed an ulceration of the mucosa. She refused further treatment. It is 
therefore impossible for us to say whether this instance was a relapse or a 
reinfection. Certainly the stricture, w’hich was felt on admission, was due 
to mucosal and submucosal inflammation, and not to scar tissue. 

In one other instance, there w'as a recurrence of rectal discharge ob¬ 
served in a patient w'ho returned to the follov'-up clinic. This patient had 
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had a colostomy and, uhile in the hospital, her rectal discharge dis¬ 
appeared after she had received 210 mg. of Aureomycin intramuscularly. 
During her hospital stay she gained twenty pounds in weight. Her 
discharge recurred, subsequent to leaving the hospital, but the patient 
refused further treatment. 

In general, it may be stated that most of our rectal stricture cases 
gained weight, even without the benefit of colostomy, and this gain in 
weight was maintained duiing the follow-up period. 

In all of these cases, Aureomycin not only cleared up the secondary 
infection, but not in any single case was there seen an extension of the 
disease process clinically, in so far as we could determine. It is still too 
early to draw final conclusions as to the effect of Aureomycin on the 
extension of the disease process. 

Granuloma Inguinale 

In view of the unusual therapeutic range of Aureomycin and its low 
toxicity, it seemed desirable to use this antibiotic in patients suffering 
from granuloma inguinale. Other types of therapy which have been used 
in this disease—chemotherapy, tartar emetic, Fuadin (Winthrop/, 
Anthomaline (Merck), radiation therapy and podophyllin in olive oil— 
were unsatisfactory because of the frequency of relapses and the chemo- 
resistance of the chronic cases. We felt that Aureomycin might be 
effective but less toxic than streptomycin in this condition. 

Three cases of granuloma inguinale have been treated by us with 
Aureomycin with eminently satisfactory results. This is the first use of 
Aureomycin to our knowledge for the treatment of this disease in human 
beings. 

The abstracts of the case histories are as follows: 

Case 1. The patient is a thirty-nine-year-old white seaman who entered 
the hospital on April 1st, 1948, complaining of an ulcer of the foreskin of 
the penis. He gave the following history: 

The ulcer had appeared four months previously in January of 1948. 
At first he treated it with sulfathiazole ointment, soap and iodine. He saw 
a doctor on January 12th, 1948, who treated him with one of the sulfa 
drugs for six days. At that time, the Frei and Wassermann tests were 
repeatedly negative. His condition did not improve and the patient, 
therefore, entered a hospital in Galveston, Texas. There, blood and spinal 
fluid tests were negative. He was treated with penicillin therapy, but the 
ulcer did not respond. 

On March 8th, 1948, he entered a Staten Island hospital. A report from 
this institution stated that darkfield examinations for Treponema pallida 
were negative. Blood and spinal fluid tests for syphilis, the Frei test for 
lymphogranuloma venereum, and smears for the Ducrey bacillus were 
all negative. The patient refused biopsy of the lesion. At this time, he 
gave the additional history of a gonorrheal infection and a penile lesion 
for a period of three months in 1927, for which he had received arsenic 
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and meicury treatment. Because it A\as considered that this treatment 
was probably inadequate, the patient was given 40,000 units of penicillin, 
every two hours, foi eighty-five doses He left the hospital, against 
advice, because the ulcer did not improve. 

Examination at Harlem Hospital showed no abnormal findings except 
a tender ulcer (see figure 1 j, vhich measured 4 x 6 cm Biopsy Avas done 
on April 7th, 1948, and Donovan bodies Avere found. 

On April 10th, 1948, 20 mg. of Aureomvcin Avas administered by the 
intramusculai route and given daily thereafter. Tavo days after treat¬ 
ment Avas initiated, there w as marked improvement, the tenderness had 
disappeared, and the patient felt better. On the third day of treatment, 
the bate of the ulcer w as dry and it Avas greatly reduced in size. Six days 
later there aa as no further discharge from the ulcer and the lesion W'as 
one-quarter of itb previous bize. 

()n April 24th, 1948, the ulcer measured } 2 ^ 1 cm. an d the dose of 
Aureomvcin was increased to 20 mg tAAuce a day. On May 8th, 1948, the 
ba^e ot the lesion was indurated, although still smaller in size. It Avas 
non-tender and there Avas no discharge. The patient had received, by this 
time, 1.06 grams of Aureomycin, A\ith no toxic reactions. 

On June 4th, 1948, after 2.02 grams of Aureomycin had been adminis¬ 
tered, the ulcer Avas completely healed. 

The patient was discharged on June 7th, 1948 (see figure 2). He has 
been folloAved since, but there is no sign of recurrence. 

Case 2. The patient, a thirty-tAvo-year-old female, Avas admitted Avith 
a histoiv of known granuloma inguinale for the past seven years. At its 
inception, she had experienced itching around the vagina and, tAVO days 
later, an eruption appeared, AA’hich spread rapidty to the perineal and 
perirectal regions. 

In 1942, a diagnosis of granuloma inguinale Avas made in our Out 
Patient Department. The lesion had healed under Fuadin treatment, but 
tAvo weeks after cessation of treatment, it recurred. She has had numerous 
courses of Fuadin since, only to haA T e the pathology recur at the con¬ 
clusion of treatment. 

Three months before the present admission, the patient developed an 
eruption in the skin of the pudendal and perineal region. She could not 
sit doA\m because of the pain, so therefore she remained in bed or stood 
up most of the time. 

On admission there Avas profuse, foul-smelling discharge from these 
granulating and ulcerating areas. In fact, the stench Avas so foul that, 
w’hen her dress Avas raised for examination, the odor permeated a large 


FiGtRts 1-4 {see opposite page) 

Figure 1. (Case 1) Ulcer of penis due to granuloma inguinale—before treatment. 

Figebe. i. (Case 1) Healed ulcer of penis after treatment. 

Finx.BE 3. (Case 4) Granuloma inguinale—-Healed ulceration of perineum and vul\a, posterior view— 

after treatment. 

Ftgc be 4. fC ase 3) Granuloma Inguinale—View of healed ulcer of vulva—after treatment. 
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room. Laboratory studies revealed a negative Frei test and a positive 
Kahn. Other laboratory findings were within normal limits. Biopsy, on 
this admission, showed the presence of Donovan bodies in a giemsa stain 

On May 25th, 1948, the patient was started on oral Aureomycin—300 
mg. every four hours. After four days she had no toxic reaction. At the 
end of six days of treatment the purulent discharge had ceased, and she 
felt subjectively better, being free of pain. The lesion was reduced about 
ten per cent in size. After three weeks of treatment, the lesion was 
seventy-five per cent healed. 

The patient received a total dosage of 75.6 grams and was discharged 
completely healed, and with a sense of well-being (see figure 3). 

Case 3. A fifty-three-year-old female was admitted to Harlem Hospital 
with a history of perirectal swelling and discharge of ten years’ duration. 
She had had two previous operations for removal of granulation tissue 
and a perianal fistula. Two years prior to the present admission to the 
hospital, the left labia became so swollen and tender that she could not 
walk, except with extreme pain. There was a foul-smelling discharge 
present. Examination was negative, except for pathological findings 
confined to the genitalia. The left labia were enlarged to three times their 
normal size and exuded a foul-smelling discharge. There was a thick, 
exquisitely tender, perirectal mass. Laboratory studies revealed a positive 
Frei test and the Wassermann reaction was negative. Other laboratory 
findings showed normal values. Biopsy was done and revealed the 
presence of Donovan bodies. 

The patient was given 20 mg. of Aureomycin daily for twenty-eight 
days, receiving a total dosage of 560 mg. After eight days of treatment, 
the patient was free of pain and there was a moderate reduction in the 
edema and in the foul discharge (see figure 4). 

At the time the patient left the hospital, the discharge had completely 
disappeared and her vulva had returned to normal. 

Clinical Results: 

The rapid and satisfactory response of these three proven cases of 
granuloma inguinale to Aureomycin seemed to indicate that it has a 
definite place in the treatment of this condition. Our follow-up has not 
been sufficiently long for us to comment upon the possibility of perma¬ 
nence of the cure. The good results, thus far obtained, demonstrate the 
necessity of further study of Aureomycin, particularly because it is non¬ 
toxic and can be taken orally (table 4). 

Oral Aureomycin. We have given Aureomycin, by the oral route, in two 
cases of lymphogranulomatous buboes and in one case of granuloma 
inguinale. The results were satisfactory and comparable to those ob¬ 
tained by intramuscular injections. The dosage was computed at 5 mg. 
per kilo of body weight. This dose was given every four hours. One 
patient received 8.4 grams and one other received 14.4 grams, while a 
third received 75.6 grams. No toxic reactions of any type were observed. 
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T\ble 4 

Three Cvses oe Grvnulom\ Inguinale Treated with Aureomycin 
C as* Age Days on Lesion 
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Blood Levels. A sampling of the blood levels of Aureomycin was done 
on two patients, one on oral therapy and the other on intramuscular 
therapy. The method used in carrying out this work on blood levels was 
developed by Dombush 4 and was done in his laboratory. 

In micrograms of activity, per milliliter, the highest blood level, 
namely two micrograms per milliliter, was obtained two hours after oral 
administration of 300 mg. of Aureomycin, as show in table 5. 

In the other patient, who received 20 mg. intramuscularly, the highest 
concentration of the drug, namely one microgram per milliliter, was 
noted five hours after injection of the drug, as shown in table 6. 
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Tvble 6 
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No true comparison can be made because of the relatively massive 
dose given orally in contrast to the small dose given intramuscularly. 

Summary 

1. Ten new cases of lymphogranuloma venereum treated with Aureo- 
mycin are reported, in detail. Together with the twenty-five cases 
reported in a preliminary paper, this makes a total of thirty-five cases. 
The results were excellent and we believe that this antibiotic is a superior, 
specific form of therapy for the lymphogranuloma venereum virus 
infection. This antibiotic is also very effective against the secondary 
bacterial invaders present in this disease. 

2. Fourteen of the original twenty-five cases reported in our, as yet 
unpublished, paper have been followed for periods of time varying from 
two to sixteen weeks after discharge from the hospital. These cases show 
that the curative effects of Aureomycin persist after treatment has been 
stopped. 

3. Ulcerative lesions in three patients with proved granuloma in¬ 
guinale were healed by the use of Aureomycin. Its lack of toxicity, in the 
dosage used, and also the fact that it can be taken orally, demand further 
study of 'this antibiotic in this disease. 

Conclusions 

Aureomycin is the treatment of choice in all cases of lymphogranuloma 
venereum infection. If mechanical conditions demand, surgery, in 
conjunction with Aureomycin, is indicated. 

Aureomycin will heal ulcerations produced by the causative agent of 
granuloma inguinale. Further extensive clinical research in the use of 
Aureomycin in the treatment of granuloma inguinale is warranted. 
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TREATMENT OF Q FEVER IN MAN 
WITH AUREOMYCIN* 


By E. H. Lennette, G. Meiklejohn, and H. M. Thelen 

Calijorma State Department of Public Health, Viral and Rickettsial Disease Laboratory. 

' Berkeley, and Division of Medicine, University of California Medical School. 

Sam Francisco. California 

AN opportunity to evaluate aureomycin therapy, found by Wong 
J -~*- and Cox 1 to be effective in experimental Q fever, was afforded by 
the occurrence of human cases of Q fever in southern 2 and northern 
California. 8 In the northern part of the state, where this study was con¬ 
ducted, cases of the disease were first recognized in considerable num¬ 
bers early in 1948 s and to the time of writing more than 125 cases have 
occurred. 

Studies with aureomycin were undertaken in the middle of May, 
1948, and thus far, 23 patients have been treated. The preliminary re¬ 
sults of this study form the basis of the present report. 

Plan of Study 

It was considered impractical, for a number of reasons, to treat 
alternate patients with aureomycin. The relatively small number of 
patients available at any one time, the large geographic area over which 
they were scattered, and the lack of knowledge of desirable doses of the 
drug by the parenteral and oral routes were the determining factors in 
this decision. It was believed that evidence for the effectiveness, or lack 
of effectiveness, of aureomycin might be obtained more rapidly by 
selecting for treatment a group of patients whose course was such that 
a severe, prolonged illness appeared likely. In the event that the illness 
terminated in each instance within a relatively short interval, a case 
for the effectiveness of the drug in Q fever could be established. Such 
a procedure obviously necessitated a comparative study of numerous 
untreated individuals in order to obtain as complete a spectrum as 
possible of the clinical picture. Through the cooperation of physicians 
in three different areas where cases were occurring, pertinent clinical 
information was eventually accumulated on a total of 90 patients with 
a serological diagnosis of Q fever, and when collated gave some concep¬ 
tion of the type of illness being encountered in different age groups in 
the 3 localities. Patients to be treated were chosen in the older age 

* The authors are indebted to Drs. 0. C. Eailaback and A. M. Clark of the Woodland Clinic, Woodland. 
Drs. C. R. McKinney and T. Y. Cooper of Davis, and Drs. J. L. Faulkner and R. G. Frey of Red Wun 
for their generous assistance and cooperation in this study. They are also indebted to Dr. C. L. Collins 
for making available to them the facilities of the Permanente Foundation Hospital at Vallejo. 

The authors also wish to thank Mrs. Beatrice England, Mrs. Jeane Harris, and Mrs. Florence Jensen 
for technical assistance in the serological studies ana Mr Oscar Brunetti and Miss Margery Maggs for 
technical assistance in the animal work. 

The aureomycin was supplied by Dr. Herald R. Cox. 
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groups [vide infra) in each of the 3 areas, and the clinical diagnosis in 
all instances was checked by complement-fixation tests for Q fever. 

The duration of fever was selected as the best objective criterion for 
the evaluation of the therapeutic effect of the drug, and in this connec¬ 
tion several points on the febrile course in untreated patients should be 
mentioned. During the early phase of illness, the temperature was 
usually high, often exceeding 104° F. In certain instances, the fever 
terminated within a fev r days, while in others, the initial high febrile 
phase was followed by a prolonged period of low T grade fever. These 
differences were, in major part, associated with age, as will be brought 
out below-. 

The use of the duration of fever as the sole criterion of the patient’s 
response to therapy has obvious limitations, since the marked symp¬ 
tomatic improvement w T hich may occur before the fever has completely 
subsided is not reflected in the temperature graph. 

Course in Untreated Patients 

Table 1 show’s the duration, by age groups, of the febrile course in 
the 90 patients comprising the untreated group. With due allowance for 
the fact that the individuals with a severe illness w’ere more likely to 
seek medical aid, and thus w’eight the group in favor of the more severe 
course, it is still apparent that Q fever as seen in central and northern 
California has frequently been a disease with a protracted course, espe¬ 
cially in older individuals. The short duration of the disease in the 
younger age groups is similar to that reported in military groups, and 
contrasts sharply with the course in older individuals. 

Table 1 

Duration of Febrile Course in Untreated Patients, According to Age 


Age 

group 

X umber of febrile days* 

Total 

number 

patients 

7 or less 

8-11 

15 or more 

25 or less 

38 

10 

3 

51 

26-35 

11 

6 

5 

22 

36 or more 

3 

2 

12 

17 

Total 

52 

18 

20 

90 


* Febrile day defined as one on which one or more oral temperature readings were 90.-2° F. or higher. 

It was early apparent that in young individuals, i.e., those under 25 
years of age, the course of the disease was subject to such extreme varia¬ 
tion, and was so frequently short, that comparative studies of treated 
with untreated patients would present great difficulties. Among indi¬ 
viduals 26 or older, on the other hand, such a large proportion had an 
illness of considerable severity and long duration, that this age group 
appeared to offer the best opportunity for comparative studies, and 
consequently patients to be treated were selected, with certain excep¬ 
tions noted below, from this older age group. 


j 
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Fioube 2. A moderately severe case of Q fever (untreated). 
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FiGCKLh 1 and 2 present data on a mild and on a moderately severe 
case, respectively, of Q fever which did not receive aureomycin. Like 
most of the patients in the “untreated” group, they received penicillin 
or a sulfonamide drug. 

Course in Treated Patients 

The patient:- to whom aureomycin was given were chosen m the light 
of experience with the untreated group in an effort to pick those indi¬ 
viduals moi-t likely to have a long and stormy course. As mentioned 
above, these individuals were primarily in the older age groups, and since 
the disease was being studied in 3 different areas, the treated patients 
were compared with untreated persons of the same age group in the 
>ame area in order to obviate, insofar as possible, unknown factors 
associated with geop’aphy, exposure to infection, mode of transmission, 
differences in infecting strains, etc. 

Tftith the exception of two younger patients, selected because they 
were unusually ill, all were over 25 years of age and the majority were 
over 30 years of age. All but one (J. R., table 2) had been ill for 4 or 
more days, and all were becoming increasingly ill rather than showing 
improvement. All had had one or more true rigors and, except for 1 
individual (R. S., table 2), had had oral temperature readings of 104° F. 
or more. 

Table 2 

Kb'sclim in Patients Treated During Acute Phase with Oral Aureomycin 

Febrile days 


Patient 

Age 

temp. 

('hills 

Before 

treat¬ 

ment 

After 

treat¬ 

ment 

Total 

J.R. 

22 

L04.4 

4 

2 

2 

4 

H. T. 

22 

L04.-4 

4 

4 

3 

7 

G. N. 

28 

L04 

4 

4 

3 

7 

L. T. 

4^ 

101 

4 

4 

3 

7 

J. P. 

27 

105 

4 

5 

0 

5 

G. S. 

63 

104.4 

4 

6 

4* 

10 

C. G. 

48 

104 

4 

7 

5 

12 

F. M. 

65 

104 

4 

8 

2 

]0 

R. J. 

3S 

104 

4 

8 

3* 

11 

R. S. 

28 

103 

4 

9 

8 

12 


Relapse following cessation oi therapy, see text 

Of the 23 patients treated to date, 18 received aureomycin within 12 
days of the onset of illness. In this group of 18, 2 received intramuscular 
therapy only, 2 intramuscular, followed by oral therapy and 14 oral 
therapy only. The remaining 5 patients, who had been febrile for from 
23 to 77 days after onset, were treated orally. 

In the following discussion, data are presented only on those patients, 
14 in number, who were treated early in the disease and on whom 
etiological studies confirming the clinical diagnosis have been completed. 
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All of these have been followed for more than two weeks after cessation 
of therapy. 

Intramuscular Therapy— The first 4 patients were treated with 40 
ing. of aureomycin hydrochloride daily given in two injections of 20 mg., 
each at 12-hour intervals. Two patients (R. B. and J. C.) showed prompt 
symptomatic improvement with fall of temperature to normal within 
72 hours. A third (A. B.) also improved, but continued to show daily 
low elevations of temperature until placed on oral therapy. The fourth 
patient (D. D.) showed no improvement during 4 days on this regime; 
he was then put on oral therapy and his temperature fell to normal within 
48 hours. Severe pain at the site of injection, even when phosphate 
buffer (pH 7.2) was used as the diluent, was the cause for discontinuing 
parenteral therapy in the latter two patients. 

The results obtained with these small intramuscular injections are not 
considered convincing. 

Oral Therapy .—Eight patients over 25 years of age, with a spread 
from 28 to 65 years, and 2 unusually ill patients under 25 were treated 
with aureomycin by the oral route. 

These individuals received during the first 24 hours a dose of 3.2 
or 4.0 g. of the drug, and were then maintained on 1.6 or 2.0 g. per day 
for 4 or more days. The smallest total dose of drug administered was 
8.0 g., the largest 27.5 g. 

In every instance, symptomatic improvement, manifested best by 
the return of appetite, was noted within 48 hours, and a considerable 
decline of temperature occurred within 48 to 72 hours after therapy 
was commenced. The temperatures of 8 patients fell to within normal 
limits (99° F. or below) during the first 3 days of therapy and the tem¬ 
peratures of the other 2 became normal after 4 and 5 days of therapy. 
The data on these 10 patients are summarized in table 2. 

The drug w T as discontinued in some instances within 24 hours after 
the temperature became normal. In 8 of the 10 patients presented in 
table 2, convalescence was uneventful. In the remaining 2 (G. S. and 
R. J.) w r ho had received only 10.0 g. of the drug over a 4 day period, 
fever recurred 2 days after the drug had been stopped. Therapy was 
re-instituted and the temperature returned to normal in much the same 
pattern as had been observed during the first episode. 

The course of the illness in 5 patients is illustrated in figures 3-7. 
and a brief description of each of these patients follows. 

Case 8 (figure 3). G. N., male, 28, a student, became ill on May 24, 
1948, and was admitted to the infirmary, that evening, with complaints 
of headache, malaise, and feverishness. During the next four days his 
temperature fluctuated repeatedly from normal to peaks of 104° and 
he had repeated shaking chills. Physical examination, at this time, did 
not reveal any abnormal findings in chest or abdomen. The white blood 
cell count was 4600. 

Oral aureomycin therapy was begun on May 27, 3-6 g. being given 




Figure 4. Course in patient treated with aureomycin iCase 4). 
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during the first 24 hours and 1.8 g. daily thereafter for 4 days, a total 
of 10.8 g. On May 28, the patient again had a chill and his temperature 
rose to 104° F. At this time, he appeared acutely ill, the liver was pal¬ 
pable 1 fingerbreadth below the costal margin and was slightly tender, 
and the spleen was felt 1 fingerbreadth below the costal margin. The 
following day. he felt considerably better. His temperature returned to 
within normal limits on May 31. For several days following discharge on 
June 2, the patient complained of weakness and sweating, but his tem¬ 
perature remained normal. 

Etiological data: Inoculation into guinea pigs of blood taken on May 
26 showed the presence of Coxiella burneti. In addition, complement¬ 
fixing antibodies to Coxiella burneti appeared in the patients blood, 
the titer rising from <1:8 on May 25 to 1:512 on June 15. 

Case 4 (figure 4). L. T., male, 47, a plumber, became ill on June 2, 
1948, with complaints of malaise, headache, feverishness, chilliness, pain 
in the eyeballs, and generalized aching. He was admitted to the hospital 
on June 25 following a shaking chill which lasted from 10 a.m. to noon. 
On physical examination at this time, the patient appeared fatigued, 
the skin was wet and hot. No abnormal findings were discovered on 
examination of the heart, lungs, and abdomen. The white blood cell 
count was 6,000. 

Oral aureomycin therapy was begun on June 5, 4.0 g. being given 
during the first 24 hours and 2.0 g. per 24 hours for the succeeding 3H 
days. On June 7, the patient felt considerably improved and his appetite 
was returning. The temperature became normal on the morning of 
June 8 and remained so thereafter. 

Etiological data: Guinea pigs inoculated with a blood specimen taken 
on June 5 subsequently developed complement-fixing antibodies to 
Coxiella burneti . 

Case 6 (figure 5). G. S., male, 63, a slaughter-house worker, noted 
malaise and feverishness on May 29, 1948. During the following 4 days, 
he experienced repeated rigors, his temperature rose to 104° F. each 
evening and he complained of severe frontal headache, a non-productive 
cough, pains in the loins, and nausea. He was hospitalized on June 2. 
Physical examination at that time revealed an exceptionally robust man, 
who did not appear severely ill, but who was uncomfortable and per¬ 
spiring profusely. Harsh breath sounds were noted over the left base 
posteriorly. The spleen was felt 1 fingerbreadth below the costal margin, 
and was firm and not tender. The white blood cell count was 5600. 
Roentgenograms of the chest failed to show any definite area of in¬ 
creased density. 

Oral aureomycin therapy was begun on June 2, 4.0 g. being given 
during the first 24 hours and 2.0 g. daily thereafter for 3 days. During 
this period, marked symptomatic improvement was noted, appetite 
returned, and the patient’s temperature returned to normal. His only 
complaints were a sore throat, soreness and a numb sensation referred 
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Figube 5 . Relapse following cessation of therapy, and course after resumption of aureomycin treat¬ 
ment (Case 61. 



Figure 6. Course in patient treated with aureomycin (Case 7). 
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to the tongue, and a burning sensation on the surface of the scrotum. 
The tongue appeared smooth on the edges and was fiery red, as was 
the pharynx, and the scrotum presented a red, beefy appearance. 

Following cessation of therapy, the patient’s temperature remained 
normal for one day, but thereafter he began to have spikes of fever and 
on June 10 his temperature again reached 104° F. Oral aureomvcin was 
resumed on the same schedule as before, and his temperature fell to 
normal during the succeeding three days. The drug was continued until 
June 18, a total of 17.5 gm. being given during this second course. The 
patient again noted some soreness and numbness of his tongue, but this 
tended to lessen during the period of therapy. His temperature remained 
normal following discharge from the hospital, and convalescence was 
uneventful. 

Etiological data: Complement fixation tests for Q fever gave the 
following results: Titer, June 1, <1:8; June 11, 1:64; June 14, 1:512. 

Case 7 (figure 6). C. G., male, 48, a slaughter-house worker, became 
ill on June 2, 1948. He was admitted to the hospital on June 5 with 
complaints of malaise, feverishness, chills, headache, soreness of the 
eyeballs, generalized aching, anorexia and nausea. He coughed occa¬ 
sionally, raising small amounts of sputum. He had had severe shaking 
chills on 3 occasions. The white blood cell count was 6800. He was given 
penicillin, 30,000 units intramuscularly, every 3 hours for 3 days, but 
failed to show improvement. 

When examined on June 8, his temperature was 102° F., pulse 76, 
respirations 80. He was a well-developed man who appeared moderately 
ill and uncomfortable. Fine rales were heard in the right posterior 
axillary region and the breath sounds were harsh in that area. The liver 
edge was felt 3 fingerbreadths below the costal margin and the liver was 
tender. The spleen edge was felt 1 fingerbreadth below the costal margin 
and was tender. Other physical findings were not abnormal. 

Oral aureomycin was started on June 8, 4.0 g. being given during the 
first 24 hours and 2.0 g. each 24 hours thereafter, during the following 
5 days, a total of 14.0 g. On June 10, the patient was more comfortable 
and his appetite had returned. The spleen was not felt, but the liver 
remained enlarged and tender. He was afebrile from June 13 on. Con¬ 
valescence was uneventful. 

Etiological data: On June 7, the patient's serum had a complement- 
fixing titer of < 1:8, and on June 15, a titer of 1:2048. 

Case 8 (figure 7). F. M., male, 65, a railway shipping clerk, became 
ill on June 2,1948, complaining of headache, pains in the loins, feverish¬ 
ness, repeated chills, nausea, and occasional vomiting. On June 9, 
following a ghfl.ldng chill which lasted for two hours, his temperature rose 
to 104° R On admission to the hospital at that time, he appeared mod¬ 
erately ill and fatigued. Physical examination failed to reveal any sig¬ 
nificant findings. White blood cell count was 5000. ^ . 

He was placed on oral aureomycin therapy, 4.0 g. being given during 
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the first 24 hours and 2.0 g. daily thereafter during the following 4 days. 
The total dose of drug given was 12.0 g. Considerable symptomatic 
improvement was noted on June 10 and his temperature returned to 
normal on June 12. Convalescence was uneventful. 

Etiological data: The Q fever complement fixation titer on June 5 
was < 1:8 and July 1 was 1.256. 

Chronic Cases. Oral therapy has been used in 5 patients, mentioned 
above, who ran febrile courses of from 23 to 77 days. Four of these ap¬ 
peared to respond promptly. The fifth, a man of 51 years of age, who 
had been ill for 27 days when therapy was commenced, had failed to 
show, at the time of writing, appreciable response even with very large 
doses. 

Toxicity 

Mild symptoms referable to the gastro-intestinal tract were recorded 
in four cases. The chief complaints were a sense of fullness in the epi¬ 
gastrium with nausea and, occasionally, vomiting. Since all of these 
patients had had similar complaints prior to the beginning of therapy, 
the role of the drug in producing them is difficult to assess. One patient 
complained of pruritus and soreness of the scrotum and of soreness of the 
mouth. Both organs appeared inflamed. A second patient had similar 
complaints referable to the scrotum and also developed a small number 
of pruritic papular lesions over the shoulders. In both instances the drug 
was continued and symptoms did not become increasingly troublesome. 
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\o evidence of hematological changes, of changes in urinary sediment, 
or of drug fever was observed 


Discussion 

The need tor an elective therapeutic agent loi (4 lever hah become a 
very real one in California. It is still premature, howevex, to ^ate 
categorically that aureomycin will meet this need, since the number oi 
cases which it has been possible to treat during a 2-month period under 
conditions permitting adequate study is still relatively small, and larger 
numbers are needed to establish the effectiveness of the drug in a disease 
which varies considerably in severity and duration, and apparently is 
rarely fatal. 

At the present time, the drug appears to have had a definite thera¬ 
peutic effect. First, in a number of exceptionally ill patients, sympto¬ 
matic improvement, frequently striking, has been observed in virtually 
all instances soon after therapy was begun. Secondly, the duration of 
fever has been, with few exceptions, short, and the number of patients 
treated is sufficiently large to make it seem unlikely that this drop in 
temperature has been due to chance. 

It should be noted that there have been some obvious differences in 
the rapidity with which patients have responded to treatment. It is not 
yet clear what factors are responsible for these differences. Under con¬ 
sideration are such factors as the stage of the disease at which therapy 
was begun and the failure of the patient to obtain sufficiently high blood 
levels of the drug. It may be more than coincidental that the poorest 
therapeutic responses and the single therapeutic failure observed to 
date have occurred in patients with nausea and vomiting, and in whom 
aureomycin blood levels have tended to be low. Much work is needed 
to correlate dose, whether oral or parenteral, with blood level, and to 
determine what levels need to be obtained. The possibility that certain 
rickettsial strains are more resistant to, or may acquire resistance to, 
the drug also requires investigation. 

The occurrence of relapses in 2 patients after therapy was stopped, 
together with the relatively slow’ response in others, suggests that, in 
the dosages used, the effect of the drug may have been to suppress 
rather than to eradicate the infecting agent. Unless it is found that larger 
doses of the drug have a much more prompt effect on the course of the 
disease, it would thus appear that recovery depends on the development 
by the patient of sufficient immunity to overcome the infection while 
the drug is exerting a suppressive action. In this series, there has been 
one instance, in a patient treated on the second day, in w’hich the devel¬ 
opment of complement-fixing antibodies appeared to have been lessened 
by the use of the drug. 

In the present study, evidence of drug toxicity has been sufficiently 
slight to justify the use of still larger amounts of aureomycin in the 
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treatment of future cases. Such a procedure may make it possible to 
obtain a more uniform and more prompt response 

Summary 

I. Results of aureomvcin therapy of 19 Q fever patients are presented. 

J. The results in a group of 4 patients treated by the intramuscular 
route with small doses were not considered satisfactory. 

3. Of the remaining 15 patients, all treated orally, improvement 
occurred in 14 relatively promptly after commencement of therapy. The 
fifteenth patient, classified as a chronic case of Q fever, failed to respond 
even to large doses of the drug. 

J h Relapses occurred in 2 patients in the orally-treated group following 
cessation of therapy. However, both patients became, and remained, 
afebrile following a second course of aureomycin. 

o. It is concluded that oral aureomycin therapy offers considerable 
promise in the treatment of Q fever and that further investigations are 
desirable to evaluate the usefulness of the drug. 
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THE SOLITARY WAVE AND PERIODIC WAVES IN 
SHALLOW WATER* 


By JOSEPH B. KELLER 

Institute for Mathematics and Mechanics, New York University , New York , N. Y. 


In 1844, Scott-Russell 1 reported his experimental observations on the 
solitary wave, a wave consisting of a single elevation which propagates with¬ 
out change of form (the wave motion is in two dimensions only). Later, 
Boussinesq 2 and Rayleigh 8 independently gave derivations of the approxi¬ 
mate form and velocity-amplitude relationship for such a wave in shallow 
water. Then, by a slight modification of Rayleigh’s method, Korteweg and 
DeVries 4 obtained periodic waves of permanent type, which include the 
solitary wave as a special case when the wave length becomes infinite. 
Gwyther 5 obtained Rayleigh’s results by a slightly different method, and 
McCowan 6 found more accurate results by “guided guessing.” A system¬ 
atic procedure for determining the wave velocity has been developed by 
Weinstein. 7 The existence of the solitary wave has not yet been proved 
mathematically. 

All the results mentioned above apply to irrotational, two-dimensional 
motion of an incompressible, inviscid fluid over a horizontal bottom. Ray¬ 
leigh’s treatment involves an iteration scheme of a peculiar kind and leads 
to a differential equation for the wave profile. The theory given by Bous¬ 
sinesq involves a number of physical assumptions in addition to those of the 
basic hydrodynamical theory. It also leads to a differential equation for the 
wave profile. Both of these methods assume that the depth of the water 
is small compared to some horizontal dimension, and they might be inter¬ 
preted as developments of the whole problem in powers of the ratio of the 
depth to some horizontal dimension, such as wave length. However, be¬ 
cause these procedures are so unsystematic, it is not clear that they are 
equivalent to such developments, nor to what order of approximation the 
solutions obtained are valid. The method of proceeding to higher approxi¬ 
mations is also obscure. 

The object of the present investigation is to discuss waves of permanent 
typef in shallow water by a method in which the character of the approxima¬ 
tion is quite dear, and which is capable of being carried out to indude terms 
of any desired order. The method consists in expanding the solution of the 
exact hydrodynamic problem systematically in powers of a dimensionless 
parameter <r = (c 0 A ) 2 where A is the depth of the undisturbed fluid and o> is 
the curvature at some point on the surface. The expansions are inserted 


Wave and Periodic Waves in Shallow Water” by Joseph Keller, Communications on Applied Mathe¬ 
matics, Inst, for Math, and Mech„ NYU, Vol. L No. 3, July, 1948. 

The author wishes to express appreciation to Professors K. O. Friedrichs and J. J. Stoker for their help¬ 
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t Actually stationary solutions are found. Progressive waves may be obtained from them by adding a 
constant velocity to toe fluid. 
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into the equations of motion and the boundary conditions, and coefficients 
of like powers of a are equated. The variables are chosen in such a way 
that the terms of zero order in the expansion in powers of <r satisfy the well- 
known equations of the nonlinear shallow water theory, which are analogous 
to the equations of gas dynamics.* 

It is easily shown that the only solutions of these equations for the first 
approximation (satisfied by the terms independent of a) which are of per¬ 
manent form are the constant or piecewise constant (shock type) solutions. 
However, the equations for the second approximation (satisfied by the co¬ 
efficients of a) have solutions which yield periodic waves of permanent form, 
similar to those of Korteweg and DeVries, and also solitary waves, similar 
to those of Rayleigh and Boussinesq. 

The solution of permanent form, as given by the first and second approxi¬ 
mations, for the irrotational, two-dimensional motion of an incompressible, 
inviscid fluid of mean depth h over a horizontal bottom is 


V = TJmin + fomax ~ Vmln 

P = pg(v - y), 


J-22W)], 


V = 0, 

X 4 ( 

i-vJ««( 2£ + 1_ V) • 


to 


In these equations, 7? is the surface elevation, measured up from the bottom; 
x is the horizontal coordinate and y is the vertical distance above the bottom; 
Vn ux and t) min are the maximum and minimum surface elevations, respectively; 
X is the wave length, p the pressure, p the fluid density, g the acceleration of 
gravity, v the vertical velocity", u the horizontal velocity; Fi and Ei the 
complete elliptic integrals of the first and second kinds, respectively, of 
modulus k; cn the Jacobi elliptic function of modulus k; L and k are certain 
parameters given by 


0 < k 2 = 


Vm ax IhnitL 

h h 


2L + 1 — 


< 1 , 


(2L + 1- n -f?) EM =(2L-2- v ^- FM- 


This solution yields a two-parameter family of periodic waves as does that 

* These equations were first derived in this way by K. 0. Friedrichs,® to whom this method is due. 
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of Korteweg and DeVries. The parameters and vj m - ln are subject only 
to the conditions 


0 < 


IJmin 


< 1, 


tlmix 9 _ Vmm 

h ~ IT' 


(2) 


which both follow from the definition of h or the relations among , 
i 7 min , L, and k . For any values of 77 ^ and rj miIl satisfying the inequalities 
above, the surface profile is periodic in x with the wave length X. The 
height of the crest above the mean height is greater than the depth of the 
trough below the mean height. The crest is also narrower than the trough. 
The wave is, thus, not symmetric about the mean height as it is in the linear 
theory. This is shown in figure 1, where one wave length of a typical wave 
profile is plotted. 

Figure 2 shows the contour lines of y as a function of 5^ and . 

h h h 



From this figure, it can be seen that X increases as either ?/ min or rjm^ K increases. 
The qualitative behavior of this function is the same as that of the function 
obtained by Korteweg and DeVries, but quantitatively it is slightly different. 
Thus, although formally the equation for the wave profile obtained by 
Korteweg and DeVries is the same as the first of equations 1, the two pro¬ 
files are slightly different because of the different expressions for \(ijmax 
Another difference between their solution and equations 1 occurs in the 
expression for ft, which they find to be independent of both x and y. From 
considerations of conservation of mass, that is much less reasonable than the 
dependence on .r which is given by the fourth of equations 1. The second 
of equations 1 yields the pressure in the fluid, which is seen to be given by 
the hydrostatic expression even in the second approximation. This expres¬ 
sion therefore seems to be very accurate. In the Korteweg-DeVries solution 
the pressure is not obtained. 


From figure 2, it can be seen that, for a fixed value of as de¬ 
creases, X decreases until X = 0 when = 2 — In this limiting case, 

n n 
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tae dmputuae may ue unite, but Uie wave length is zero, so that the surface 

is everywhere discontinuous On the other hand, if increases indefi- 

n 
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Figure 2. 


nitely, so does X. While this occurs, the troughs become wider and the crests 
higher and relatively narrow. 


It was hoped that the solution would impose an upper limit on and 

h 

that for the limiting solution the surface slope would be discontinuous at the 
crests. Then, as shown by Stokes,* an angle of 120° would be formed at the 


*P. 418*. 
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crests. However, to the present order of approximation these results are not 
obtained. Further research leading to these results would certainly be worth 
while. 

When and 7] -^~ are nearly equal to one, both the Korteweg-DeYries 
solution and equations 1 reduce to the cosine solution of the linear shallow 
water theory. When = \ and —^ is greater than one, but otherwise 
unrestricted, the wave length becomes infinite in both solutions. In this 



case, equations 1 become (see figure 3 for wave profile) 
n = h+ ( W - h) sech 2 (izs - lY", 

P = Pg(v - y), 

V = 0, (3) 

“ * (*r + 0 - (*f - 1 ) tt (*r - •)" 

X = 00. 


Equations 3 represent a solitary wave. The profile, given by the first of 
equations 3, is the same as that found by Boussinesq. 2 The Korteweg- 
DeVries solution reduces, in this case, to the solitary wave found by Ray¬ 
leigh. This solution, for the profile, d iffers from the first of equations 3 


only by having the additional factor 



multiplying the argument of the 


hyperbolic secant. For waves of small amplitude this factor is nearly one, 
and, thus, in this case, the Korteweg-DeVries-Rayleigh solution for the 
profile practically agrees with the first of equations 3. Both the Korteweg- 
DeVries-Rayleigh solution and the Boussinesq solution yield a horizontal 
velocity independent of x and y. As mentioned above, considerations of 
conservation of mass indicate that the dependence of the velocity on x as 
given by the fourth of equations 3 is more reasonable than the constant 
velocity. However, for x infinite, the fourth of equations 3 yields & = 



350 


ANNALS NEW YORK ACADEMY OF SCIENCES 


tymax 


Vgh 


+ 1 


and the velocity 


, given by Korteweg-Devries- 

h 


Rayleigh, agrees with this to first order in the relative amplitude 


‘tynuix "" 

T 


Thus, if the water at infinity is at rest, the propagation speeds of the wave, 
as given by the two solutions, agree to first order in the relative amplitude of 
the wave. However, according to the fourth of equations 3, the water 
under the crest would be moving, while, in the Korteweg-DeVries-Rayleigh 
solution, it would be stationary. 
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THE ACTION OF FLOATING BODIES ON OCEAN 

WAVES 


By FRITZ JOHN 

Institute for Mathematics and Mechanics , New York University, Nm York, N. F. 

In this paper, 1 want to present some results concerning the motion of a 
liquid in the presence of an obstacle floating on the surface. 1 ' The points I 
want to discuss are the exact mathematical formulation of the problem, 
the stability of equilibrium of floating bodies, the behavior of waves at 
infinity, and, finally, explicit solutions obtained for some special situations. 

The state of a liquid, under the assumptions of irrotationality and in¬ 
compressibility, can be described by means of two functions, the velocity 
potential <#>(#, y, 2 , 0 and the pressure p. Here <t> satisfies Laplace’s equa¬ 
tion, and p is expressible in terms of <j> by means of Bernoulli’s equation. 

Along any boundary surface of the liquid, we have the kinematic condition, 
expressing that the normal derivative of <j> is equal to the normal velocity of 
the boundary surface, and the dynamic condition, that the pressure is con¬ 
tinuous across the boundary surface. This dynamic condition is applied 
along the “free surface” of the liquid as the condition that the pressure is 
constant and equal to the atmospheric pressure. Along the immersed sur¬ 
face of a floating body, the dynamic condition is used by expressing that the 
only forces acting on the body are gravity and the pressure of the liquid on 
the immersed surface. 

There is little one can do about determining the motion in this generality. 
The principal mathematical difficulty lies in the fact that we have boundary 
conditions for <j> along boundaries that vary with the time. The first step 
usually taken to simplify the conditions is to “linearize” the problem by re¬ 
stricting oneself to infinitesimal motions of liquid and body about average 
positions. One then obtains conditions for the potential function </> along 
the “average” boundary surfaces, which are independent of the time, and 
correspond to the “rest” or “equilibrium” position of the system. 

Using a coordinate system, in which the mean free surface coincides with 
the jes-plane, the boundary condition for <f> on the mean free surface takes the 
classical form 


<ht + gh = o.f 

The position of the rigid floating body may be described by the coordinates 
X, F, Z of its center of gravity and by the components tf', 0 ", 0of the 
infinitesimal rotation about the center of gravity that carries the body B 
from its rest position into the actual position at the time U In the rest 
position, the center of gravity may be at X°, I' 0 , Z°, and fl', 0", 0"' vanish. 

* These results were obtained in connection with investigations pursued under a contract with the Office 
of Naval fte Mw c b of the U. S. 

t Subscript is used to denote partial derivatives. 
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If S denotes the immersed surface of B at the time /, and 5° the immersed 
surface in the rest position, we have the linearized kinematic condition 


1 •, a JL+z,i- + 1 


Bn 


Bn 


<{ 


(y 




, - m el 

dnj 

+ *r [c, - *"> e - (, - £] 


a 

valid along 5°. Here — denotes differentiation in the direction of the 
& Bn 

normal of S °. 

It is more difficult to write down the linearized version of the six dynami¬ 
cal equations which express that the rates of change of momentum and of 



angular momentum of the body B are due to the pressure of the liquid on 
the immersed surface and to gravity. There are, first, the static conditions 
characterizing the equilibrium position: (1) Mass M of B = mass of dis¬ 
placed liquid V° (Archimedes law), (2) The center of gravity (X°, F°, Z°) 
of B and the center of gravity of the displaced liquid V° in the rest position 
lie on the same vertical line. (See figure 1.) The six dynamical equations 
involving the time derivatives of the quantities X, F, Z, 6", Q' n are rather 
complicated, and only one of them may be given here as an example, the 
one regulating the vertical motion of the body: 

-//*£«-«(>-- 

S° A 

- gf>"’ Jf (.T - x°) dx d. + g e' jj (z- Z°) dxdz. 

A A 


Here p is the constant density of the liquid, and A is the cross section of the 
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free surface y = 0 with the body in the equilibrium position. This formula 
puts into evidence that the pressure acting on B consists of a non-hydro¬ 
static part contributed by 4>t and a hydrostatic part which is due to the 
deviation of the body B from its equilibrium position. 

To complete the conditions for <t> we still have to prescribe the behaviour 
at infinity and initial conditions. The conditions to be imposed at infinity 
are suggested by energy considerations. Taking an open surface 2 contain¬ 
ing B and a portion L of the liquid, it is seen that the outward flow of energy 
through 2 in unit time is given by 

- p Ih‘Tn ds 

s 

when n is the exterior normal of 2 Transforming this expression with the 
help of the boundary conditions mentioned, we find that it can be written 
in the form 

- It [/// \ & + ** + ^ d * dy dz + T g II ** dx dz 

L J/— 0 

+ JJf (X* + f + dm + PXQ(V - Y°, O', O'") 1 . 

R J 

Here, the second integral is extended over that part of the free surface 
y = 0 outside B. We can interpret this formula as representing the energy 
of the system (B + L) as the sum of 4 parts: (1) the kinetic energy of L; 
(2) the potential energy of L due to the waves; (3) the kinetic energy of 
B\ (4) the potential energy of the system (B + L) due to the deviation 
of the immersed surface from its equilibrium position. The first 3 parts are, 
by their nature, positive definite quadratic forms. The last part ( pgQ ) is a 
quadratic form in those variables that affect the buoyancy of B. 

This identity for the flow of energy through the surface 2 immediately - 
furnishes a stability criterion for the equilibrium position. If Q is a posi¬ 
tive definite form, then the whole energy expression is non-negative at all 
times, and is, besides, a decreasing function of the time, if no energy flows 
from the outside to the inside of 2. Thus, in the absence of exterior sources 
of energy, the total energy of the system of liquid and floating body inside 
2 will never exceed its initial value, hence the maximum possible values 
of | 7 — 7° |, | 0' |, | 0"' | are bounded by the initial disturbance. Thus, 
the body cannot be upset by a small disturbance. In this way, one recog¬ 
nizes that the positive definite character of Q is a sufficient condition for 
stability of the equilibrium position. Interpreting this condition geo¬ 
metrically we are led to the classical stability condition: 

The equilibrium position is stable, if the product of the volume of the 
displaced liquid V and of the height of the center of gravity of B above that 
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of V does not exceed the moment of inertia of the area A about any hori¬ 
zontal axis. 

This condition has usually been derived from static considerations, which 
neglect the motion of the liquid.* Taking into account the motion of the 
liquid, we see that the condition is only sufficient for stability, as the argu¬ 
ment given here requires only that the sum of all 4 terms in the energy ex¬ 
pression be positive definite. 

Another consequence of the identity for the flux of energy is the following 
uniqueness theorem: 

Let no external sources of energy be present, and let the position of the 
floating body be close to a position of equilibrium. Then the motion of 
liquid and body are uniquely determined, if we prescribe (a) initial positions 
and velocities of all particles, (b) the wave motion at infinity, except for out¬ 
going waves (i.e. waves carrying energy outwards to infinity). 

Thus, at infinity, only the “non-outgoing” part of the waves can be pre¬ 
scribed. Mathematically, it is not obvious how a wave is to be split up 
into an outgoing and non-outgoing part. This decomposition can, however, 
be carried out explicitly in the important special case of motions in a liquid 
of infinite depth, which are periodic and simple harmonic functions of the 
time. In this case, the velocity potential <t> satisfies an identity 

fat = 

and the free surface condition takes the simple form 


fa — \<t >, 

where X = k 2 /g. One can then prove rigorously that <t> can be split up in a 
unique fashion into two parts: 

<l> — fa "h fa • 

Here $ 1 is an everywhere regular solution, i.e. it corresponds to a wave 
motion, as it would take place in the absence of the floating body, fa is a 
combination of purely outgoing waves, the secondary waves set off by the 
obstacle, fa can be written in the form 

0i = Real part c n c“ <B, 7 n (XR)^ , 

where the c n are complex constants, and x « R cos 0 , % = R sin 0 . Thus, fa 
is an exponential function in the depth —y. fa permits a similar expansion 
at infinity, but not at finite distances: 

02 = Real part (e~ at+Xv ^ d n e~ M H? (\R)) + 0 + ^ + 

* See Appell’s “MScanique RationeUe:” $t 213, 208 
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J n and are respectively the Bessel function and Hankel functions of 
order n. The outward flow of energy through a far away surface 2 
is given by 

4-ec 

^2 (cnd n + d n c n + d n d n ). 


It is certainly positive in the absence of the “everywhere reg ular ” part fa . 
The secondary waves (<t> 2 ) die out at infinity, whereas this is not necessarily 
the case for the regular solution <f> 1 . If we put fa = Re (fa, then fa satisfies 

the Sommerfeldcondition fa — i X fa^ = 0 


One arrives in this way at a natural formulation of the complete data by 
which the wave motion is to be determined, at least in the case of periodic 
motions. One prescribes arbitrarily the primary part (fa) of the waves, say 
fa — Real part (fa). The determination of the secondary waves, fa = Real 
part (fa), can then be reduced to a standard mathematical problem, the so¬ 
lution of a Fredholm integral equation. For this purpose, one constructs a 
suitable Green's function T P corresponding to a secondary wave issuing from 
an arbitrary point P of the liquid. One then obtains an integral equation 


2irifa(P) = 


-// 


dn J 


connecting the values of fa and fa and their normal derivatives on S° . As 
the normal derivative of fa on S° is expressible in terms of the velocity com¬ 
ponents of the body B, one obtains, by solving this integral equation, fa 
as a linear combination of the primary wave \pi and of X t , Y t , • • * , o”'• 
Substituting the resulting expression for <f> into the dynamic equations for 
the body motion, we arrive at a system of linear algebraic equations for 
X t t, Ytt , • - ■ , o'tt, determining the body motion. Thus, the whole prob¬ 
lem of determining the motion from given primary waves is reduced to the 
solution of a Fredholm integral equation. 

Tn conclusion, I want to present certain concrete numerical results that 
have been obtained for the case of shallow water. The liquid is here sup¬ 
posed to have constant depth h , The waves considered shall have a wave 
length which is large compared with the depth h. At the same time, the 
floating body is supposed to be very “flat,” in the sense that its radius of 
curvature shall be large compared with the depth h. I shall restrict myself 
to the case of two-dimensional motion, where the body B is taken as a 
floating cylinder with horizontal generators and with flat cross section. 

By a formal expansion scheme, very similar to the one used by Dr. Keller 
in the proceeding talk, one then arrives at the wave equation 


fat ** ghtbxx 



356 


ANNALS NEW YORK ACADEMY OF SCIENCES 


in points under the free surface. If y = rj(x) is the equation of the cross 
section of the cylinder in the rest position, one has, for values % correspond¬ 
ing to points under the cylinder, the differential equation 

= - 7t + Vx X t - (x - X*)C 
dx 

which essentially expresses the law of preservation of mass. The dynamical 
equations give here 3 simple integral relations. These relations can all be 
solved explicitly in terms of given initial conditions and given incoming 
waves. The body position here has, of course, only 3 degrees of freedom, 
represented by the variables X, F, 6'". The calculations have been carried 
out for certain typical cases, which I want to discuss here, by Mr. Isaacson 
and Miss Johnson of the Institute for Mathematics and Mechanics at New 
York University. 

The first case considered may be that of a cylinder symmetrical to a 
vertical plane. This cylinder shall have been raised above its equilibrium 
position by a distance A and then released. The resulting motion depends 
on a certain “draught-coefficient” 5, which roughly measures the depth to 
which the cylinder B is immersed compared with the depth of the liquid 
under the cylinder. Thus, 5 varies from the value 0 for cylinders which are 
only very slightly immersed, to the value °o for cylinders resting on the 
bottom.* 

It turns out that the resulting motions of body and liquid are given by 
damped harmonic functions of the time. The wave profile for 3=2, after 
two time periods, is represented on figure 2 (the horizontal distances are 
foreshortened in that figure, so that the body does not appear as “flat” 
as the theory demands), and the amplitude of the body motion is given in 
figure 3. The damping is in general very strong, so that the waves gener¬ 
ated by the body motion appear to consist of a single half-sine-wave propa¬ 
gating with speed \/gk. The coefficient of damping during one half-period 
is given by the formula 


y — g 1 + 4J 

Thus, e.g., y = .0043 for 5 — 0, y = .16 for S = 2, y — 1 for 8 — ». This 
means that a slightly immersed body raised an (infinitesimal) distance A 
above its equilibrium position, will only sink a majrin-mm distance .0043.4 
below its equilibrium position in the resulting motion; after half a period, 
it will be practically at rest. 

* The exact definition of $ is 
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The wave length of the resulting waves depends on the width D of the body 
at the water line. It is given by 


X = 


2ir(l + 5) 
V3(l + 45) 



Figure 2. Wave profile after two full periods generated by initial vertical displacement of floating cylinder 
submerged (at rest) to about \ of depth of water. 





It varies from X = 3.6D for 5 = 0, has its least value X = 3.1D for 5 - 
and becomes arbitrarily large for 6 -*■ ». The height of the leading wave 
is given by the expression 



and has, e.g., the value .7A for 5 = 0. 
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The second case considered is that of the motion of a cylinder generated 
by a periodic wave of amplitude a and wave length L coming in from in¬ 
finity. In this case, the cylinder, again assumed to be symmetrical, will 
be displaced laterally, vertically, and will also rotate. The amplitude A 



Figure 4. Periodic motion of cylinder generated by periodic incoming wave. 



Figurl 5. Reflectioncoeffidents. 


of the vertical displacement depends on the ratio of L and D, and also on the 
draught coefficient 5: 


A = 




T 


(1+5) + 


J 


D 


The formula shows that for small D and 8 the coefficient is approximately 1; 
thus, a small body simply follows the motion of the liquid in its vertical 
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motion.* On the other hand, the coefficient is 0 for large D or 5, i.e. a very 
large body is only slightly excited by the incoming waves. There appears 
to be a certain resonance phenomenon for bodies with draught coefficient 
exceeding For such bodies, there are wavelengths for which the ampli¬ 
tude of the vertical body motion exceeds that of the incoming wave. (See 
figure 4.) 

The incoming wave is partly reflected and partly transmitted. The reflec¬ 
tion coefficient has been calculated for the case of a cylinder, which is only 
slightly immersed, and has approximately rectangular cross section. Figure 
5 represents the graph of the reflection coefficient for various values of 
D/L. For comparison, there has been drawn the reflection coefficient for 
a wave reflected on an obstacle of the same shape, but held fixed, instead of 
floating freely. In both cases, there is practically no reflection on very 
small objects (. D/L near 0), and almost complete reflection on a very large 
object ( D/L large). In every case, the reflection is less, if the object is 
floating, and hence yielding to the wave. For small objects, the reflection 
coefficient is even of a different order of magnitude than for fixed obstacles. 
Reflection on a fixed obstacle is then proportional to the width D of the ob¬ 
stacle, whereas, for a floating one, it is proportional to the fifth power of 
the width. 

The proceeding numerical results have not yet been compared with ex¬ 
periments. It should be simple to test them experimentally, as most of the 
quantities involved should be easily observable. 

* The same can be seen for the lateral motion and for the rotation. 



THE BREAKING OF WAVES IN SHALLOW WATER 

By JAMES J. STOKER, JR. 

Institute for Mathematics and Mechanics, New York University, New York, N.Y. 

Introduction 

The purpose of this paper is to discuss the breaking of waves along a 
shallow beach from the mathematical point of view. The theory used is an 
approximate theory derived from the basic hydrodynamics of irrotational 
non-viscous flow. It is generally referred to as the shallow water theory. The 
theory seems to have been derived long ago (Lagrange, 1781). This theory 
is accurate only for waves with wave lengths large compared with the depth 
of the water, but it is not necessary for its accuracy to assume that the 
wave amplitudes are small. The long wave-shallow water theory is mathe¬ 
matically analogous to the theory of compressible flow of a gas, and, as a 
consequence of the interest in aerodynamics, this theory has been developed 
very extensively. One of the principal objects of this paper is to interpret 
certain well known results in gas dynamics in terms of water wave phe¬ 
nomena. In particular, the development of a discontinuous shock wave in 
a compressible gas has as its analogue the development of a breaker in water. 

After a brief statement of the mathematical theory in the section on non¬ 
linear shallow water theory, there is formulated the method of characteristics 
which is used to solve the problems. In the section on development of 
breakers and bores, the method of characteristics is used to explain why 
waves break in shallow water. Potentially, the most useful application of 
the theory presented here is probably to the problems encountered in study¬ 
ing the progress of flood waves or surges of other kinds down a river. For 
a discussion of these problems, as well as a detailed development of the 
general mathematical theory, reference is made to a previously published 
paper of the author (Stoker, 1948). 

Nonlinear shallow water theory 

In the book of Lamb (1945) the shallow water theory is derived fsom 
the assumption that the pressure p in the water is given by the 
hydrostatic law 

P - &(•>} - y), (l) 

in which i) is the height of the water above the undisturbed level and p 
is the density of the water (see figure 1). A consequence of this assump¬ 
tion is that the ^-component u of the velocity of the water particles does not 
depend on the depth coordinate y, hence u — u(x, t), since we assume 
always that the motion is parallel to the x, y-plane. The surface elevation 
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7i and the velocity « are then readily found to satisfy the differ ential 
equations 

V t + [«(>? + h)\ a = 0,* (2) 

«< + ««» + gVx = 0. (3) 

The quantity h represents the undisturbed depth of the water. 

If we introduce the following new quantities: 

P - f P d y, p = p(i? + h), (4) 

'J—h 

we find from (1) that p and p are related as follows: 

P = f (r, + h)* = 1 p 8 ; (5) 



Figure 1. 


and that the differential equations 2 and 3 take the form 

(p«)x = -p<, (6) 

• p(m< + ««*) = ~px + gphz . (7) 

In the special case in which the undisturbed depth of the water is constant, 
so that h„ = 0, equations 6 and 7 are the differential equations for unsteady 
one-dimensional motion of a compressible gas of pressure § and density p 
which satisfies the “adiabatic law" (5) with the fixed adiabatic exponent 2. 
This analogy seems to have been pointed out first by Riabouchinsky 
(Riabouchinsky, 1932). It has been used (von Kirmdn, 1938, and Preis- 
werk, 1938) to study two-dimensional steady flows of water at relatively high 
speeds in open channels. The analogy is also used in the aircraft industry 
in connection with supersonic flow around obstacles (cf. Bruman, 1947, 
and Knapp and Einstein, 1946). 

* Differentiations are indicated throughout this paper by letter subscripts. 
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The method of characteristics 

We formulate the theory of characteristics for the case in which the 
depth h of the water is constant. In this theory, the quantity c 9 defined by 

c — VgO? “I” ^)» 

is introduced in place of the surface elevation 77 . This quantity is the 
analogue of the sound speed in a gas. In connection with water waves, it 
determines the local velocity with which a small disturbance propagates. 
The characteristic theory is then formulated in the following equations: 

' d x 

C + : ~ * u + Cy u + 2c * &i = const. 

■ (9) 

dec 

CL: — = u — Cy u — 2c — k 2 = const 


These relations are to be interpreted in the following way: Functions 
u(x, t) and c(x, t), which satisfy the original differential equations of our 

dx 

problem, lead to first order ordinary differential equations — = u Az c 


so that u Az 2c is constant along the respective solution curves of these 
differential equations. The two families of curves are called characteristics . 
More important for our purposes is the fact that the converse is also true, 


dx 

i.e.y if two families of curves in an x 9 /-plane satisfying — — uAz c and also 

at 


u dt 2c = const, along these curves can be found, functions u(x, t) and 
c(Xy t ) are determined, and these functions satisfy the original partial differ¬ 
ential equations. 

There is an important class of problems in which one of the two families 
of characteristics is a set of straight lines. In fact, it can be shown that the 
following statement holds: If there exists a straight line characteristic along 
which u and c are constant , then that characteristic is embedded in a whole 
family of straight characteristics along each of which u and c are constant . 
Since the undisturbed state of rest of the water corresponds to u — 0, c = 
const., it follows immediately from equation 9 that the characteristics for 
such a state are straight lines; hence any continuous motion which develops 
from the state of rest is describable in terms of characteristics, one family of 
which is a set of straight lines. The study of such solutions, which have 
been called simple waves (Courant and Friedrichs, 1944), goes back to 
Earnshaw and Riemann in the middle of the last century. 

We now consider the motion which results in water at rest when a dis¬ 
turbance is created at one point and allowed to propagate into still water. 
It is convenient to think of the water as filling a long tank, one end of which 
can be set in motion in order to create the disturbance. The problem which 
arises is the exact analogue of the problem of determining the motion of a gas 
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when a piston is pushed into a long tube filled with a compressible gas at 
rest. In figure 2, we indicate the straight characteristics for a problem 
in which the end of the tank is given a velocity away from the water in the 
tank. At the time t = 0, the water is at rest and has the constant depth ho . 
The end A of the tank is accelerated to the left from rest so that it acquires 
a velocity u A . The straight characteristics are shown in the x t /-plane, 


t»o 


i 




which is divided into two zones, marked I and II, separated by the line 
* = cot with Co = Vgh * The zone I is the zone of rest (the characteristics 
are not drawn in it). It is terminated by the line x = c Q t, which means 
simply that, at a given point* x in the tank, no disturbance is felt until the 

* It should be recalled, at this point, that the velocity of the water is, in the present theory, the same 
for all particles on the same vertical at any given instant. The state of the water depends only on the coor^ 
dinate % and the time U 
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time t given by x = cot elapses, which means, in turn, that no effect of the 
disturbance is noted until the wave lmtiated at x = 0 at the time / — 0 
has time to reach the point The zone II is the zone of disturbance We 
indicate only the family of straight characteristics The initial disturbance 
travels with the velocity cq of a small disturbance in water of the depth //o, 
as one might expect. At a later time, indicated by the line / — h on the 
diagram of the straight characteristics, the corresponding shape of the water 
surface is indicated: the part corresponding to values of x between P and Q 
is the disturbed part in which the water surface is progressively lowered 
going to the left, while the surface is undisturbed to the right of Q. The 
method of determining the disturbance through use of the characteristics 
follows. 

It is a relatively easy matter to calculate the slopes of the straight char¬ 
acteristics in the zone II emanating from the curve x A — x A (t) determining 
the position of the left end of the tank, as well as the values of the velocity 
u and wave speed c, from which the depth is immediately determined and 
which belong to each of them (we recall that these quantities are constant 
along the straight characteristics), once the initial depth ho in the zone of 
rest and the velocity u A of the water at the left end of the tank are given 
For details, see the previously cited paper of the author (Stoker, 1948) 
At the time t = 1 1 , for example, the values of u and c for any given x are 
determined through the values of u and c assigned to the straight char¬ 
acteristic which crosses the line / =* h at the point with abscissa x. 

Development of breakers and bores 

The analogy of the shallow water theory with gas dynamics is perhaps 
most strikingly revealed through consideration of the problem of breaking 
of waves. It is of interest to recall how waves break on a shallow beach. 
Figures 3, 4, and 5 are photographs* of waves on the California coast. 
Figure 3 is a photograph from the air, taken by the Bureau of Aeronautics 
of the U. S. Navy, which shows how the waves coming from deep water 
are modified as they move toward shore. The waves are so smooth some 
distance off shore that they can be seen only vaguely in the photograph, but 
as they move in shore the front of the wave steepens noticeably until, finally, 
breaking occurs. Figures 4 and 5 are pictures of the same wave, with the 
picture of Figure 5 taken at a slightly later time than the previous picture 
The steepening and curling over of the wave are very strikingly shown. 

In figure 2, we have indicated the character of a wave of depression 
which propagates into still water. The essential point, for our purposes now, 
is that such a wave propagates indefinitely as a smooth continuous wave 
as long as the movable left end of the tank is accelerated to the left, away 
from the water. If, however, the left end of the tank is pushed into the 
,water to the right, in order to create a hump or elevation above the undis- 

* These photographs were veiy kindly given tome by Walter Munk of the Scripps Institution ol Ocean- 
ogripfay. 
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turbed level, the effect is very different from the mathematical point of view. 
In this case, the wave can advance as a smooth continuous wave only for a 
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limited distance and time, since no continuous solution of the differential 
equations exists beyond certain values of a and /. What happens in such a 
case is indicated in riGURE 6, which shows the straight characteristics in an 
v, /-plane for a case of the type under discussion. The curve AD gives the 
position i of the left end of the tank as a function of /. In contiast with 
the situation showm in figure 2, in wdnch the end of the tank w r as moved 
to the left, we observe that the straight characteristics no longer diverge 
as they go out from the curve AD, but rather are turned toward each other so 
that they eventually intersect . This is a fact which can be readily deduced 
from the characteristic equations. In general, in cases of the type under 



Figure 5 


discussion, the characteristics will have an envelope indicated by the curves 
emanating from the point E in figure 6. But since the values of u and t 
are different on different characteristics, it follows without much difficulty 
that continuous solutions of the differential equations will not exist for values 
of a and t , both larger than those at point E . In fact, the slope of the water 
surface, at the point (a* , t E ) corresponding to point E , can be shown to be 
infinite. We interpret this behavior of the solution of our mathematical problem 
to mean physically that the wave , having reached a state hi which the front 
of the wave is vertical at one point , will shortly thereafter curl over and break . 
In gas dynamics, the building up of a shock w r ave from a continuous compres¬ 
sion w r ave is explained in the same way. 
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A simple qualitative explanation for the development of a breaker has 
often been given (cf., for example, an appendix by Harold Jeffreys to the 
book of Cornish, 1934). This explanation makes use of the fact (known 
from theory as well as observation) that the propagation speed of a wave 
increases with the height of the wave above the undisturbed water level 
Consequently, if a wave is created in such a way as to cause a steady rise in 
the water surface, it follows that the higher points on the wave surface will 
propagate at higher speed than the lower points in front of them. In other 
words, there is a tendency for the higher portions of the wave to overtake 
and to crowd the lower portions in front, so that the front of the wave be¬ 
comes steep and eventually curls over and breaks. On the other hand, a 



depression wave tends to be smoothed out, as one can see by a similar 
argument. 

We give now a few results of numerical calculations for a few cases in which 
the “pulse” created at x » 0 and traveling into still water is a portion of a 
sine wave with elevation ti( 0, t) given by 

*?((), t) « A sin «/. (10) 

Figure 7 indicates the straight characteristics for a case in which A is posi¬ 
tive so that it is a hump which travels into still water. The point (#&, k) 
marks the beginning of the envelope. We shall refer to this point as the 
breaking point, in accord with the remarks above. It is possible to calculate 
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the position of the breaking point as determined by our theory for a pulse 
given by (10). The result is 


*b = 


k = 


2co(^o “f" Wo) 2 

3gAca 

2c 0 (fo + wp) 

SgAo) 


(ID 

( 12 ) 


In these formulas, the quantity uo refers to a uniform initial velocity of 
the water assumed to exist at the instant the pulse given by (10) is initiated. 
If Uo = 0, we note that the time and distance to the breaking point increase 



with the 3/2 power and the first power of the initial depth respectively, 
when the amplitude A and “frequency” w of the pulse are held fixed, since 
co = y/gho * Breaking occurs earlier when the amplitude and frequency are 
larger; hence short waves break sooner than long waves, since long waves are 
correlated with lower frequencies. The effect of an initial velocity Uo of 
the whole body of water is also clear. Early breaking is favored by smaller 
values of «o. In fact, if Uo is negative, i.e. if the water is flowing initially 
toward the point where the pulse originates, the breaking may occur very 
quickly. Everyone has observed this phenomenon at the beach, where the 
breaking of an incoming wave is often observed to be hastened by water rush¬ 
ing down the beach from the breaking of a preceding wave. 
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Figure 8 shows the shape of the water surface derived from the diagram 
of characteristics shown in figure 7 at two different times. The full curve 
shows the pulse at the point which we call the breaking point. As we ob¬ 
serve, the slope of the water surface is infinite at the front of the wave. 
Figure 9 was drawn using the characteristics as given by figure 7 for a time 
considerably greater than the time of breaking /&. The dotted part of the 
curve in figure 9, showing the shape of the wave, was drawn using the 
region between the two branches of the envelope of the straight character¬ 
istics. This method is illegitimate mathematically, but may still have a 
certain significance physically, as indicating the process of curling over 
of the wave. 

Figure 10 shows four stages in the shape of a wave (approximately a sine 
wave) moving into still water when the front portion of the wave is a depres¬ 




sion phase (i.e. A is negative in equation 10). The third stage shown 
corresponds to the breaking time, while the fourth stage is again obtained 
by continuing the solution beyond this point. As one observes, the steepen¬ 
ing of the wave front is very marked in this case, and one hardly doubts 
that the wave really would curl over and break very shortly after the point 
which we have somewhat arbitrarily defined as the breaking point. 

In the case of water of uniform depth the mathematical solutions of the 
problems under discussion have an important property, which follows im¬ 
mediately from the interpretation of the solutions in terms of the char¬ 
acteristics: The maxima and minima of any pulse propagate unaltered in 
value into still water. In other words, the crests and troughs propagate un¬ 
altered in height into still water of uniform depth . Also, the results embodied 
in formulas 4 and 5 imply that a positive pulse or hump will always break 
eventually, no matter how small the ratio of amplitude to initial depth of the 
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water may be. This may account for some of the scatter in the observa¬ 
tional data for waves on shallow sloping beaches given in a report of the 




Hydrographic Office (Sverdrup and Munk, 1944), which show graphs of 
the ratio of breaker heights to deep water amplitudes and of still water 
depth, at the breaking point, to the amplitude in deep water as functions 
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of the “initial steepness” in deep water; the latter being defined as the ratio 
of amplitude to wave length in deep water. The “initial steepness” is, thus, 
essentially the quantity rico in the formulas 4 and 5 and it should indeed be a 
significant parameter for the discussion of breaking phenomena. However, 
our above remarks indicate that the ratio of deep water amplitude to break¬ 
ing height is not a good parameter for this purpose, since the breaking occurs 
for all values of this ratio in water of uniform depth. On a sloping beach, 
the circumstances are somewhat altered, since the wave amplitudes increase 
as the waves move toward shore. But it would seem rather likely that 
our general conclusion that the breaking is relatively insensitive to the ratio 
of amplitude to depth would still be valid, since the beach slopes are quite 
small as a rule. 

It is of interest now to return to the problem with which we opened 
the discussion of the present section, i.e . to the problem of a tank with a 
movable end which is pushed into the water. As we have seen, the wave 
which arises will eventually break. Suppose now we assume that the end 
of the tank continues to move into the water with a uniform velocity. The 
end result after the initial curling over and breaking will be the creation of a 
steady progressing wave front which is very steep and turbulent behind 
which the water level is constant and the water has everywhere the constant 
velocity imparted to it by the end of the tank. Such a steady progressing 
wave with a steep front is called a bore. It is the exact analogue of a steady 
progressing shock wave in a gas. In figure 11 we show a photograph, 
taken from Probleme der Wasserwellen (Thorade, 1931), of the bore which 
occurs in the Tsien-Tang river as a result of the rising tide, which pushes the 
water into a narrowing estuary at the mouth of the river. The height of 
this bore apparently is as much as 20-30 feet. According to the theory 
presented above, this bore should have been preceded by an unsteady phase, 
during which the smooth tidal wave entering the estuary first curled over 
and broke. 

We have, so far, used our basic theory to interpret the solutions of only 
one type of problem, i.e. the problem of the change of form of a pulse moving 
into still water of constant depth. The theory, however, can be used to 
study the propagation of a wave over a beach with decreasing depth just as 
well (Stoker, 1948), but the calculations are made much more difficult be¬ 
cause of the fact that no family of straight characteristics exists unless the 
depth is constant. This problem, in fact, brings to the fore the difficulties 
of a computational nature which occur in important problems involving 
the propagation of flood waves and other surges in rivers and open channels 
in general, which are, however, still best treated by the method of char¬ 
acteristics. 

On an actual beach, the motion of the water, of course, does not consist 
in the propagation of a single pulse into still water, but rather in the oc¬ 
currence of an approximately periodic train of waves. However, observa- 
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tions from the air of the propagation speeds of the waves indicate that little 
or no reflection of the wave motion from the shore occurs. The incoming 
wave energy seems to be destroyed in turbulence due to breaking or to be 
converted into the energy of flow of the undertow. In other words, each 
wave propagates to a considerable degree, unaffected by the waves which 
preceded it. Another objection to our theory is the following: the degree 
to which the approximation furnished by our long wave-shallow water theory 
is accurate depends essentially on having curvatures of the wave surface 
which are small compared with the depth. But this condition is violated 
near the breaking point, hence our theory cannot be expected to be ac- 



Figusd 12 


curate in this vicinity. Nevertheless, the theory should be valid, except 
near this point, in many cases of waves on sloping beaches, since the wave 
lengths are usually at least 10 to 20 times the depth of the water in the 
breaker zone, hence the theory presented above should certainly yield 
correct qualitative results and perhaps also reasonably accurate quantita¬ 
tive results. 

It is, we repeat, essential for the applicability of the theory presented here 
that the depth should be small in comparison with the wave length, or, still 
better, that the curvature of the water surface should be small compared 
with the depth. If this condition is violated, the theory does not yield the 
breaking phenomena observed in nature. In figure 12, we show a photo- 
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graph (given to the author by Walter Munk) of waves breaking in a fashion 
considerably at variance with the results of the theory presented here. 
We observe that the waves break, in this instance, by curling over slightly at 
the crest, but that the wave remains, as a whole, symmetrical in shape, while 
the theory presented in this paper yields a marked steepening of the wave 
front and a very unsymmetrical shape for the wave at breaking. In the 
case of figure 12, the curvature of the wave surface would seem to be too 
large compared with the depth of the water to permit the use of the simple 
theory given here. When the curvature is small enough, however, the con¬ 
siderable amount of available experimental evidence furnished by the hy¬ 
draulic engineers indicates that our theory presented here is accurate (cf. 
Favre, 1933, and Preiswerk, 1938). 

Observation of cases like that shown in figure 12 doubtless led to the 
formulation of the theory of breaking (Sverdrup and Munk, 1944) based on 
results taken from the study of what is called the solitary wave.* This is, 
by definition, a wave of finite amplitude consisting of a single elevation of 
such a shape that it can propagate unchanged in form. At first sight, this 
would seem to be a rather curious wave form to take as a basis for a dis¬ 
cussion of the phenomena of breaking, since it is precisely the change in 
form resulting in breaking that is in question. 

On the other hand, the waves often look as in figure 12 and do retain, on 
the whole, a symmetrical shape,f with some breaking at the crest. Actu¬ 
ally, the situation regarding the two different theories of breaking from the 
mathematical point of view is the following: Both theories are shallow water 
theories, they are approximations to the exact hydro dynamical theory 
which are based on the assumption that the curvature of the water surface 
is small compared with the depth of the water. In fact, as Dr. Keller has 
indicated in his paper in the present volume, the theory of the solitary wave 
can be obtained from the approximation of next higher order above that wed in 
the present paper , if the assumption is made that the motion is a steady mo¬ 
tion. In other words, the theory used by Sverdrup and Munk is a shallow 
water theory that is more accurate for steady waves than the theory used by 
the author, which furnishes in principle the constant state as the only wave 
which can propagate unaltered in form. On the other hand, the theory 
presented here makes it possible to deal directly with the unsteady mo¬ 
tions, while Sverdrup and Munk are forced to approximate these motions 
by a series of different steady motions. One could perhaps sum up the 
whole matter by saying that waves break in different ways depending 
upon the individual circumstances (in particular, the depth of the water 
compared with the wave length is very important), and the theory which 
should be used to describe the phenomena should be chosen accordingly. 


* An interesting mathematical treatment of breaking phenomena from this point of view was given 
acme time ago by Keulegan and Patterson ( 1940 ). 

T Sverdrup and Munk, like the author, feel that, when considering breaking phenomena, each wave in a 
tram can be treated with reasonable accuracy as though it were uninfluenced by the presence of the others. 
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THE SOLITARY WAVE THEORY AND ITS 
APPLICATION TO SURF PROBLEMS* 


By WALTER H. MUNK 

Scrtpps Institution of Oceanography and Institute of Geophysics, University of California 

Introduction 

The purposes of this paper are: (a) to give a summary of useful relation¬ 
ships derived by means of the solitary wave theory, and to plot these relations 
using dimensionless parameters for the purpose of making the theory acces¬ 
sible to numerical examples;! (b) to review various studies at the Scripps 
Institution dealing with the application of this theory to surf problems; and 
(c) to discuss the problem of sand transport in or near the surf zone, in the 
light of the solitary wave theory. 

This investigation represents part of a general project undertaken during 
the war for the purpose of providing useful wave forecasts for the amphibious 
forces. By 1943, methods for forecasting sea and swell had been 
developed 1 - 2 and a study of the transformation of waves in shallow water 
was initiated for the purpose of extending the wave forecasts right into the 
surf zone. It should be noted that the outer edge of the surf zone (the great¬ 
est depth where waves break) is usually the most critical from the point of 
view of bringing landing craft ashore. 

The problem was attacked in three ways: (a) by field observations along 
the East Coast by the Woods Hole Oceanographic Institution and along the 
West Coast by the Scripps Institution of Oceanography; (b) by laboratory 
observations at the Beach Erosion Board wave tank, in Washington, D. C., 
and later at the Department of Engineering of the University of California 
in Berkeley, California; (c) by theoretical studies. 

A theoretical investigation by Burnside, 8 based on the assumptions of 
constancy of wave periods, conservation of energy, and the linear shallow 
water (Aiiy) wave theory, reveals that the waves decrease somewhat in 
height after entering shallow water, reach a minimum height and then 
increase. 4 - 5 The initial decrease in wave height had been noticed by O’Brien 
in laboratory investigations. A comparison between the subsequent 
increase in height as derived from Burnside’s equations with that obtained 
from field and laboratory observations mentioned above, showed the com¬ 
puted increase to be considerably smaller than the observed increase. This 
discrepancy became increasingly large the nearer one came to the breaking 
zone, the zone most important for practical forecasts. 

One reason for this discrepancy is contained in an assumption underlying 
the linear Airy theory, namely that the wave height be small compared to 

* Contribution from the Scripps Institution of Oceanography. New Series No. 406. This work repre¬ 
sents results of research carried out for the Hydrographic Office, the Office of Navsd Research, and the Bu¬ 
reau of Ships of the Navy Department under contract with the university of California. 

f PLATE9 1-12 at end of the paper 
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the water depth. This assumption is not f ulfill ed in the vicinity oi the 
breaker zone. Another theoretical approach was therefore undertaken, 
again based on the assumptions of constancy in period and conservation of 
energy, but this time making use of Stokes’s theory for oscillatory waves 
of finite height in shallow water. Although this approach led to an adjust¬ 
ment in the theoretical results in the proper direction, it did not yield useful 
results because the theory involves infinite series which converge more and 
more slowly as one approaches the breaker point. 

Thus, the assumptions in Airy’s theory do not hold, and Stokes’s theory 
becomes unmanageable, both shortcomings becoming increasingly serious 
the closer one approaches the zone of greatest practical interest, the breaker 
zone. Faced with this situation and an immediate need for a method of 
forecasting breaker heights, a manual which was based principally on em¬ 
pirical relationships was prepared. 6 

The reasons for the shortcomings of Stokes’s theory became apparent soon 
after the publication of the forecasting manual. As waves travel into water 
of depth less than, say, three times the wave height, the previously flat crests 
U hump” into narrow crests separated by long flat troughs, and the character 
of these isolated crests scarcely depends upon the distance L between the 
crests (figure 1). Yet the wave length L is contained in the two funda¬ 
mental parameters appearing in the series of Stokes’s theory: the relative 
depth (depth/wave length, h/L) and the wave steepness (wave height/wave 
length, H/L). The solitary wave theory on the other hand, contains a 
fundamental parameter that is independent of wave length: the relative wave 
height (wave height/depth, H/h). The application of the solitary wave 
theory* was suggested also by an obvious resemblance between the theoreti¬ 
cally derived wave profile and the observed profile in the region just outside 
the breaker zone. 

A third theoretical approach based on the assumptions of constancy of 
wave period, conservation of energy, and the solitary wave theory immedi¬ 
ately led to agreement with earlier observations, and an improvement of the 
forecasting graphs. 7 These modified graphs are still being used for fore¬ 
casting breaker characteristics. The confidence gained as a result of the 
agreement between theory and observation led to the curtailment of an 
ambitious program of observations. The theory has since been applied to 
the following problems: humping of waves just before breaking, wave refrac¬ 
tion, prediction of breaker height and depth of breaking, and the prediction 
of longshore currents. It has also been used, so far without confirmation, 
to compute the forces exerted by waves just prior to breaking. 

Boussinesq developed the first well-founded theory of solitary waves in 
1871 to explain the propagation of isolated elevations and depressions which 
had been observed by Scott-Russell in 1844 during experiments in straight 

• It is of interest to note that Stokes’s theory and the solitary wave theory represent the two limiting 
cases of a more general type of periodic waves.* 



378 


ANNALS NEW YORK ACADEMY OF SCIENCES 


channels with rectangular cross-sections. Lord Rayleigh in 1876, and 
McCowan 11 * 12 in 1891, carried Boussinesq’s solution to a higher degree of 
approximation. Thereafter, the solitary wave theory received little atten¬ 
tion, until Keulegan and Patterson 9 published their exhaustive treatise about 
fifty years later. 

In theory, a solitary wave consists of a single crest of infinite length, and 
the application to surf problems represents therefore a departure from the 
type of phenomenon for which the theory was intended. Yet, because the 
energy of the solitary waves is largely confined within a relatively narrow 
band about the crest, it seems reasonable to apply the theory to periodic 
humping crests of ocean swell. Indeed, it has been shown that the solitary 
wave represents an extreme case for certain types of periodic waves. 8 



Theory of Solitary Waves 

Significant Non-Dimensional Parameters . The notation is explained in 
plate 1 . Whenever possible non-dimensional parameters are denoted by 
capital letters. Linear dimensions are divided by the depth h to give the 
non-dimensional coordinates 

X = x/h, Z = */A, (1) 

the relative elevation of the free surface 

m = y/k, ( 2 ) 

and the relative wave height 

7 = B/h . (3) 

At the bottom Z = 0, at the crest of the wave Z = 1 -j- y. The non-dimen¬ 
sional components of horizontal and vertical orbital velocity are 
U = u/C , W - w/C, 

where C is the wave velocity. 


( 4 ) 
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In this report, various characteristics of the solitary waves will be ex¬ 
pressed as functions of the distance coordinate, Z, measured relative to the 
position of the (moving) wave crest. Sometimes, it is more convenient to 
consider changes with time at a given point. If t = 0 denotes the time of 
crest passage, then x = Ct, X = (C/h) t, and the coordinate Z may be con¬ 
sidered a non-dimensional time coordinate, from which the actual time 
follows according to the equation 


The First Approximation 

Boussinesq’s approach . Boussinesq 9 * has obtained a solution to the equa¬ 
tions of motion for irrotational, non-divergent flow, subject to the usual 
surface and bottom boundary conditions. The solution is based on the 
expansion of the velocity potential in a power series 

PC. 

<t> — 23 s" 

n—0 

and applying the method of successive approximations. 

Wave velocity and profile. Retaining only the first two terms in the power 
series, Boussinesq obtains for the wave velocity 

C = Vg(h + H) - vW TV) (6) 

and for the wave profile 

M « y sech 2 (/j/^ (7) 

Plate 2 gives the wave velocity as a function of depth and wave height. 

Volume and mass transport . The volume per unit crest length contained 
above Z = 1 between — X and +Z is given by 



Let Q designate the value of Q' for X =■ db oo. Then 

Q- ifvdx** U* j\dX = (9) 

is the total volume of a solitary wave above the still water level. Plate 3 
shows the partial volume Q'/Q as a function of X for various values of 7 . 
Taking for example 7 = 0.5, one finds that 90 per cent of the volume of a 
solitary wave is contained between X — ±2.4, and 98 per cent between 
X = ±3.8. 

* Equations which ate derived in this publication will be given here without derivation. 
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This concentration near the crest is the basis for applying the expressions 
for the total volume of a solitary wave to oscillatory waves of finite length.* 
Since a volume transport equal to Q takes place essentially during a period, 
T, of the oscillatory waves, the mean transport per unit time equals Q/T, 
and the volume transport velocity averaged from surface to bottom equals 



( 10 ) 

Substituting from equation (9) gives 


Ah /y 

V ~ T ]/ 3' 

(ID 

Energy. The energy consists approximately of equal parts of potential 
and kinetic energy. The energy per unit crest width between —X and +A r 
equals 


(12) 

and the total energy, between — co and + 50 , 


E = %Pgh z y j/j. 

(13) 


According to plate 3 for y = 0.5, 90 per cent of the energy is contained 
between X = ±1.6, and 98 per cent between X = ±2.1. 

Particle Displacements and Trajectories . The particles are sensibly at rest 
until X — 10. They then move forward and upward and attain their maxi¬ 
mum velocity at the instant the crest passes. Eventually, they reach a new 
zest position, having been displaced from their previous rest position in the 
direction of wave motion a horizontal distance r from their original position. 

The foregoing description applies to the trajectory in still water. We shall 
deal later with the case of waves traveling toward a beach, where the 
particle motion will be modified by a return flow. 

Let r' be the horizontal displacement of a particle at a time t relative to its 
position at / — 0 (the instant of crest passage). Let u be the horizontal 
component of particle velocity, and let x denote the horizontal distance 
between the particle and the wave crest. Then x = 0 for / = 0. At a time 
dt the crest is at C dt, the particle at u dt and dx = (C — u) it. Thus 

r' = f udt = f — dx. (14) 

Jo Jo C — u 

The horizontal velocity and displacement can be replaced by their respec¬ 
tive mean values U and r, the average being formed between surface and 

* See equations (38) and (39) for the approximation involved. 
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bottom, since | (« — U) | <JC a, and | (r — ?) | « f. It follows from the 
equation of continuity 10 * that 


so that 


and 


u _ t) 

C~ h+h’ 


r' 



u(A + v) 

1 - i?/ (A + v) 





(15) 

(16) 

(17) 


The latter formula follows also directly, since the total volume of water, 
Q, transported by a wave must equal the mean displacement f times the 
depth h. 

The corresponding non-dimensional displacements are 


and 


n, _ t - QL 

h 2k* 



(18) 



(19) 


The ratios 2 r'/f = 2R'/R = Qf/Q are plotted as functions of X in plate 3. 

The horizontal displacement and velocity have been assumed uniform 
from top to bottom. To the same degree of approximation it follows from 
the equation of continuity that the vertical displacement s and velocity w 
must be proportional to Zo, the initial elevation of the particle. Let s' denote 
the instantaneous vertical displacement of a particle above its initial posi¬ 
tion. For a particle initially at the surface, s' — 7j; for any other particle, 
s' = (zo/h)rj, or, letting S' = s'/h, Z Q = Zo/h, 

S'^Zoix. (20) 


Eliminating ju. between (18) and (20) gives 

5' - Zo[y - I (R') 2 ] (21) 


for the particle trajectory of a solitary wave. The orbits of surface particles 
are drawn in plate 4 for various values of y. The orbital motion at any 
other depth can be found by multiplying the vertical coordinate by Zo. 
The dashed lines give the positions occupied by the particles at various times. 
As the wave first approaches, each particle begins to move forward from 
rest at an inclination 


dR' 


Also p. 71 of reference 9. 


~ Zo VS?. 


( 22 ) 
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Its velocity increases until, directly beneath the crest, it will move hori¬ 
zontally at a distance Z 0 y above its original position. The particle then 
moves downward again, slows up, and reaches its original elevation moving 
at an angle equal and opposite to ( 22 ). 

For small values of 7 , equation 21 takes the form 

(R'Y= -S' (23) 

which is that of a parabola with the origin at the vertex, and the focus 
at — 1 

Higher A pproximations 

McGowan's approach . McCowan 11 reduces the problem to one of steady 
motion by impressing upon the fluid a uniform current of velocity — C; 
by assuming the velocity potential, <£, and the stream function, p, to satisfy 
the complex equation 

1 = _ (z+ iX ) - ^ tan [| MiZ + iX)] (24) 


the assumptions of non-divergent and irrotational flow are satisfied without 
approximation. Substituting into the equations of motion and satisfying 
the boundary conditions, leads to expressions for C, /x, Q, E, of which the 
preceding solutions by Boussinesq are a first approximation. 

It will be shown that, for most applications, the first approximation is 
adequate. Only in problems involving an accurate knowledge of the orbital 
velocity Boussinesq’s treatment is not sufficiently accurate. This lack of 
accuracy is more pronounced the closer one approaches the extreme form 
of the breaking wave. 

Orbital velocities . Using non-dimensional parameters, McCowan’s equa¬ 
tions for the horizontal and vertical components of orbital velocity become, 
in our notation 


rr _ 7 vr ^ “f~ cos MZ cosh MX 
(cos MZ+ cosh MX)*’ 


(25) 


ip _ nr sin MZ sinh MX 

(cos MZ + cosh MX)-' 


(26) 


where the parameters M and N are functions of y (plate 5) and are defined 
by the equations 


y = ^tan 1/2 [M(l + 7 )], (27) 


( 28 ) 
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As a first approximation, M = \/Zy, N = 2y. The ratio 2ir/M may be 
interpreted as an effective non-dimensional wave length, since 92 per cent 
of the volume, and 99 per cent of the energy of a solitary wave are contained 
within the zone X = ±27 r/M. It will be shown that N = RM = 
2ttR/Lqq , so that N equals 2x times the horizontal displacement of a par¬ 
ticle, divided by the effective wave length. 



Plates 6-9 show the orbital velocities as functions of X and Z for eight 
selected values of y , The surface profiles are plotted according to 
McCowan’s equation 

_ N sin M(l + n) 

M M cos M( 1 + a) + cosh MX y } 

to which equation 7 is a first approximation. Figure 2 is analogous to 
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plate 8, except that it is based on Boussinesq’s theory. The condition that 
families of U and W be orthogonal is not even approximately fulfilled in 
certain regions of figure 2, whereas this condition is exactly fulfilled in 
plate 8. 

Directly beneath the crest X = 0, W = 0, and 


V - N 


1 + cos MZ 
sin 2 MZ 


(30) 


as shown in plate 10. Along the bottom Z = 0, W = 0, and 


U N 1 + cosh MX 


(31) 


as shown in Plate 11. Plates 5-11 permit rapid calculation of the orbital 
velocities for any chosen set of conditions. 

McGowan's solution for extreme crest angle. For the special case of a 
breaking wave McCowan 12 has modified his original treatment. Assuming 
as a criterion for breaking that U = C at the very crest, McCowan finds 
the crest to be formed by two branches equally inclined to the bottom and 
cutting at an angle of 120°. The corresponding value of the relative wave 
height is 

yb = i tan (1 radian) = 0.7813 • • • (32) 


where the & denotes breaker. In the neighborhood of the crest the wave 
profile is given by 

H = 1.04 e~* - 0.44 e~ 2x + • • • (33) 

and the orbital velocities by 

-(U + iW) = 0.80 Vz* - art 1 + 0.084(Z* - *X)] (34) 


where 


Z* = Z-( 1 + 7) (35) 

is the non-dimensional vertical coordinate relative to the elevation of the 
crest. In the preceding plates, the profile and orbital velocities for the case 
7 = 0.78 were computed according to equations 32 and 33. 

Particle displacement and drift . It has already been stated that the hori¬ 
zontal forward displacement of particles in a solitary wave is almost uniform 
from top to bottom, so that 


\(R-R)\«R, (36) 

where R is the mean displacement. Boussinesq’s expression for the mean 
displacement is given by equation 19. 

When the theoiy is carried to a high degree of approximation, one finds 
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R — R to be positive near the surface, negative near the bottom, i,e., the 
particles are farther displaced in the direction of wave travel near the 
surface than near the bottom. This feature is of considerable interest in 
the study of sand movements, for should the total shoreward transport be 
balanced by a uniform return flow, the combined flow pattern would exhibit 
a net drift 

V - V - (37) 

which is directed shoreward (+) near the surface, seaward (—) near the 
bottom. 

The calculation of R(Z) involves successive approximations and is very 
laborious. The method is given in appendix 1. Plate 12 gives the results 
of these calculations for various values of 7. The special case of breaking 
7 = 0.78 has again been treated by McCowan’s modified theory. Surface 
displacements (i?i — R) and bottom disp’acements (Ro — R) are shown in 
the inset. Numerical values in plate 12 may be in error by as much as 
10 per cent. 

Applications of the First Approximation 

Restrictions in the application of the theory . The solitary wave theory 
involves the assumptions of an infinitely long wave, and of no boundary in 
the direction of wave travel. These are clearly not fulfilled in the case of 
ocean waves traveling into shallow water. The presence of the beach 
imposes an additional boundary which leads to the establishment of a return 
flow system that is superimposed upon the still water orbital motion. Since 
the velocity of this flow pattern is small compared to the wave velocity, it 
may be assumed that the equations for the velocity , profile , volume and energy 
are little altered. On the other hand, the effect of the return flow pattern 
on the orbital motion is not at all negligible. Applications of the theory 
which do not involve orbital motion can be treated by the approximate 
solutions derived by Boussinesq. 

The assumption of a single solitary wave is fulfilled to a high degree of 
accuracy if the actual wave length L of the waves exceeds the effective* wave 
length of 2ir/M or, (since L — Ts/gh), if the wave period T exceeds 2%ff, 
where 



as given by Bagnold. 18 For breaking waves 

(r.«)& - 1.17 Vh = 1.32 Vfib 

* See discussion following equation 28 . 


( 38 ) 
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where T is in seconds, h and ffb in feet. Plate 2 gives for various 
values of H and h. 

In a true solitary wave of infinite length the mean depth coincides with 
the depth at ». In the case of periodic waves the mean depth will exceed 
the depth at the trough by an amount Q/L = Q/CT , or in view of (6) and (9) 

In most subsequent applications this correction has been neglected. 

The height of breaking . The derivation of breaker heights is based on the 
assumptions that the period remains constant and that energy is conserved. 4 
Neglecting for the present the effect of refraction due to waves approaching 
the beach at an angle, the rate of energy flow in deep water (subscript “o” 
indicates deep water values) per unit crest width 



must equal the energy flow at the breaking point, 

C» (41) 

Lb 

where Eb/Lb is the mean energy per unit surface area. Since the wave period 
is assumed constant, 

T = g - (42) 

Equating (40) and (41) and using (42), (13) and (32) gives 



H h _ 1 

Ho 3.3 VHo/Lo ‘ 


(43) 


This relationship is shown by the line on the left side of figure 3, where 
the limitations imposed by (38) can be expected to apply. The line to the 
right marked “Airy Wave Theory” gives the change in wave height according 
to equation 18 of “Breakers and Surf”. 6 In the derivation of this equation 
it is assumed that no change in the shape of the wave takes place. There¬ 
fore the Airy theory is more likely to apply to waves of large initial steepness, 
which break shortly after entering shallow water without suffering much 
change in shape. 

With the relationship fixed by theory for both large and small values of 
steepness, there is little leeway in drawing a continuous curve to represent 
the relationship between Hb/Ho and Ho/Lo- In figure 3 the theoretical 
relationships have been taken as valid for values of Ho/Lo less than .006 and 
greater than .06. In the mid-range of wave steepness, that is for Ho/Lo 
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between .006 and .06, the solid line BC is taken to represent the relationship 
between H b /H$ and H 0 /Lo. The line ABCD together with refraction con¬ 
siderations forms the basis of the present method for predicting breaker 
heights. 

Measurements taken at various localities are denoted by different symbols, 
as shown in the legend of figure 3. All values have been tabulated in 
appendix 2. The open and filled circles give ratios of wave heights obtained 
from photographs taken against the Scripps Institution pier 14 and will be 
referred to as the “Scripps Leica Data”. The wave height in deep water is 
found from measurements at the end of the pier and equation 18, “Breakers 
and Surf”. 6 The filled circles marked “Type 2” in the legend refer to waves 
which are breaking behind a bar in water of increasing depth. 16 All other 
conditions are included under Type 1. This grouping does not introduce a 
consistent error with regard to H b /E 0 although it will later be shown that it 


Table 1 

Effect of Beach Characteristics on Breaker Height 


Source 

Beach slope or type 

Number of 
Measurements 

Hb/H o 

Wh* 

Woods Hole measurements 


38 

1.104 

! 

Scripps Pier Leica data 

Type 1 

55 

0.96 


Type 2 

19 

0.96 

Beach erosion board wave tank 

0.159 

13 

0.92 

i 

0.049 

15 

1.08 


0.030 

9 

0.91 

Berkeley wave tank 

0.072 

6 

1.11 


0.054 

5 

1.01 

. 

0.009 

I 5 

1.10 


has important bearing upon the depth of breaking. The half-filled circles 
refer to measurements made along South Beach, Martha’s Vineyard, Massa¬ 
chusetts. It is not known whether these measurements represent Type 1 
or Type 2 in the foregoing sense. The crosses refer to measurements at the 
Beach Erosion Board Laboratory in Washington. 17 These measurements 
show good agreement with theory. The triangles are based upon measure¬ 
ments in the wave tank at Berkeley 18 and include some measurements of 
waves breaking on a flat beach immediately following a very steep beach. 

To investigate the causes for the large scatter in figure 3, the value 
H h /Ho corresponding to the observed steepness H 0 /L 0 was read off the curve 
for each individual point, a nd the ratio (H 6 /H 0 )/(H 6 /H 0 ) formed. Average 
values of (H&/H 0 )/(H6/Ho) for beaches of Types 1 and 2 and for various 
bottom slopes in the laboratory are summarized in table 1 . This ratio 
appears to be independent of beach type, and not to vary consistently with 
bottom slope. 
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In order to find the possible role played by friction, average values of 
(Hb/Bo)/(Eb/Ho) have been formed for various ranges in s/L 0 where 5 is 
the distance the wave had traveled from the time it enters “very shallow 
water” 6 ( h/La < 0.05) until the time it breaks. The ratio s/Lq gives a 
measure of the extent to which waves are subject to relatively large frictional 
dissipation. Table 2 indicates a small though consistent effect of friction, 
amounting to a reduction in wave height of 10 per cent at the very most. 
It may be concluded that at least some of the scatter of points in figure 3 
can be ascribed to friction. Except over very gently sloping beaches, the 
effect of friction is likely to be small, and for practical forecasting of breaker 
heights the assumption of conservation of energy appears justified. 

The depth of breaking . The data pertaining to the depth of breaking are 
even more scattered than the data for the height of breaking. In the labo¬ 
ratory, appreciable errors in observation are introduced by the effect of 


Table 2 

Effect of Bottom Friction on Breaker Height 


-w 

.00-.29 

1 

.30-.59 

.60-.89 

.90-1.19 

1.20-1.99 

Number of observations 

13 

25 

33 

32 

7 

Hb/H o 

1.04 

1.02 

0.99 

0.91 

0.90 


“surging,” and in the field changes, in the bottom slope, such as those due to 
sand bars, become an important factor. The reason for the latter feature is 
probably that the depth of breaking is a kinematic problem, involying par¬ 
ticle velocities, and subject to the boundary conditions inflicted by the bot¬ 
tom. On the other hand, the breaker height depends chiefly on energy 
considerations and is not directly dependent upon any bottom boundary 
conditions. 

According to equation 32, waves may be expected to break in water of 
depth 1.28 times the breaker height. There have been frequent reports 
of waves breaking in much deeper water. Regarding these observations 
Gaillard 19 writes 

“Prof. G. B. Airy has shown mathematically that when the depth is variable, it is im¬ 
possible that a series of waves can exist having oscillatory motion of the particles and 
satisfying the equations of continuity and of equal pressure. While the continuity 
holds equal pressure will exist; therefore in such a case continuity must cease, i.e., the water 
becomes broken. This is, in his opinion, the explanation of the fact that the sea in places 
breaks over deeply submerged banks, shoals, or reefs, where the waves in general are 
high.” 

Thus, in the case of sudden changes ifi depth, the ratio h/Hb may become 
very large, but in this report only waves breaking on sloping bottoms will 
be considered. 
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Table 3 gives average values of h/Eb for various field and laboratory 
investigations. Observations of waves breaking behind a sand bar in water 
of increasing depth (Type 2) have been eliminated from the field data. Tank 
observations during which the waves were generated in shallow water 
Qi/Lq < 0.5) are likewise eliminated. 20 

Values marked “S.I.O. surf” are based on a small number of precise simul¬ 
taneous measurements of h and Hb. The depth of breaking was measured 
by carrying a hollow tube into the surf zone and measuring the mean water 
level from a marker attached to a float inside the tube. The lower end of 
the tube was pushed a short distance into the sand in order to reduce the 
up and down movement of the water inside the tube, making an accurate 
determination of the still water depth possible. The breaker height was 
measured at the same time from markings on the outside of the tube. Three 


Table 3 

Summary or Observations of Depth of Breaking 



Number of 



Location 

observations 
which were 

Mean wave steepness, 
He/Lo 

hi/H t 


averaged 


Estero Bay 

244 

.005 

1.30 

SIO Daily 

238 

.008 

1.30 

SIO Leica 

56 

.013 

1.21 

SIO surf 

28 

— 

1.34 

WHOI 

17 

.014 

1.10 

Berkeley Tank 

2 

.024 

1.28 

BEBTank 

27 

.040 

1.30 

Lake Superior 

134 

.070 

1.56 


746 

1 Weighted Mean: 

1.34 


observers stationed in the surf zone took simultaneous readings of the water 
depth, the elevation of the trough and of the breaking crest. Unless the 
wave broke right at the tube, the measurements were eliminated. Results 
are shown in figure 4. The solid line gives the relationship of hb/llb = 1.28, 
and is in fair agreement with the observations. 

On the whole, the observations support the solitary wave theory. This 
conclusion is also borne out by a number of qualitative statements. Accord¬ 
ing to a British report by the Superintendent of Mine Design: “For a wave 
of any period and height the waves break when the depth of water is 4/3 
of the wave height.” In a Canadian Intelligence report for the Mediter¬ 
ranean area a range in values from 1.2 to 1.45 was quoted. A report by the 
Swell Forecast Section of the British Admiralty gave an average value of 1.5. 
In a study of refraction at Monterey, the depth of breaking was obtained 
from aerial photographs, and the height of breaking from measurements of 
wave heights in deep water and from refraction diagrams. An average of 
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hb/Hb = 1.14 was obtained from seven measurements, but due to the uncer¬ 
tainties involved, not much emphasis should be placed on this value. 

Peaking of waves just outside breaker zone . Just outside the surf zone 
the wave crests rise sharply from the water surface (figure 1). Even over 
gently sloping beaches the transition from the region of flat symmetrical 
waves to the region of humped wave crests is remarkably sudden. 

The symmetrical wave profiles conform to the Airy’s theory; the humped 



wave profiles conform to the solitary wave regime. In order to obtain some 
criterion for the outer boundary of the solitary wave regime, we shall com¬ 
pute changes of wave height with depth, according to both theories, and 
compare the computed values with observations taken along the Scripps 
Institution pier. 

Assume again that the wave period remains constant and that energy 
is conserved. Since we are dealing with very shallow water where the 
energy is propagated at wave velocity the latter condition requires that 

C X E X - C 2 JS 2 , (44) 

the subscripts referring to two given locations. 
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For an Airy wave ■E ~ BP, C ~ h m , so that 



For a solitary wave C 2 = gk(l + T ) (equation 6), E = (8/3 )pg^yy/y/3 
(equation 13), and, according to (44) 
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The solitary wave theory gives a much more rapid increase of wave height 
with decreasing depth than the Airy theory (see introduction). 

. 111 • F1GTmE 5 » observed changes in wave height between adjacent observa¬ 
tion stations are compared to those predicted by theory. Ratios in depth 
between adjacent stations are reduced to 20 per cent (hi/fa — 1.2), and the 
observed changes in wave height adjusted accordingly. If, for example 
h/h equalled 1.1 for two adjacent stations, the observed difference in wave 
height Hi - E x was multiplied by two, and the ratio E t /Hx formed accord¬ 
ingly. Observations are plotted against Ktfo where h m = {hi +W2is the 
mean depth between adjacent stations. All data pertaining to a change in 
depth of less than 5 per cent (hi/h 2 < L05) have been excluded. Observa- 
tions were averaged for ranges of hm/k b , and the number of observations upon 
which the average is based is shown in the figure. The heavy solid line can 
be tafcm to give the observational average. For large values of the depth 
ratio, the observed increase in height is consistently smaller than the cor- 
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responding theoretical value. This discrepancy can be ascribed to bottom 
friction (see table 2). 

For hm/hb < 1.2, the solitary wave theory is in better agreement. For 
hm/hb > 1.2, the Airy theory seems more applicable. Since hm was defined 
as the average depth over which the transformation takes place, the solitary 
regime seems to extend to a depth equal to about 1.4 times the depth at 
the point of breaking. The corresponding value for the relative wave height 
is 0.35. 

Wave refraction . In the case of waves traveling over an irregular bottom, 
an additional factor influencing wave height is associated with local con¬ 
vergences and divergences of wave orthogonals. By orthogonals is meant 
the paths described by moving points on a wave crest, traveling always 
normal to the axis of the crest. 

The computation of the “refraction factor” is similar to the derivation 
leading up to equation 43 with the understanding that energy is conserved 
over a width $ of wave crest contained between adjacent orthogonals: 

ii St =jCb T b Sb - (47) 


It follows 21 that 


i ■ iimm (48> 

so that the breaker height along a beach must vary as the cube root of the 
relative spacing of orthogonals. This is borne out by observations of 
breaker heights along the beach adjacent to the Scripps Institution pier 
(figure 6). 

Longshore currents . Waves breaking at an angle with the coastline 
usually set up longshore currents inside the breaker-zone. Such currents 
occupy a very important role in the general study of beach erosion, velocities 
up to three knots having been observed. 

The solitary wave theory has been applied to the study of longshore cur¬ 
rents using two different modes of attack.* 22 (a) equating a certain fraction of 
the longshore component of the power of the breakers to the energy dis¬ 
sipated in the current by friction along the bottom; (b) equating the long¬ 
shore component of Qb C&, the rate of momentum transfer by the breakers 
into the surf zone, to the frictional force exerted on the current by the ocean 
bottom. Both methods have led to reasonable results. Figure 7 shows 
the comparison between values computed by the momentum approach and, 
observations along the beach at Oceanside, California, and in the Berkeley 
wave tank. 

The rise in the sea surface . The rise in sea surface is caused by the on- 
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shore momentum of the waves, similar to the manner in which longshore 
currents are caused by the longshore momentum of the waves. Let the 
mean sea surface assume a profile which gives rise to a return flow that 



exactly balances the shoreward transport by the solitary waves. In the 
absence of frictional forces, such a return flow must be uniform from top 
to bottom. The elevation of the mean position of the water line on the beach 
above mean sea level in deep water is given closely by* 8 

y = 2 vi 


S 


( 49 ) 
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or, in view of (11) and (32) 



The rise was measured during experiments in the Berkeley wave tank . 
The one set of observations for which the waves were generated in deep 
water, and the breaker height and depth of breaking conformed to the 



solitary wave theory, leads to excellent agreement with theory (table 4). 
Measurements of sea level rise along the Scripps Institution Pier are con¬ 
templated in the near future. 


Discussion 

The observations which have been introduced to test the solitary wave 
theory exhibit such a large degree of scatter that it is not possible to speak 
of confirmation in the sense in which physical laws can be checked in the 
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laboratory. The overall impression is, however, that the solitary wave 
theory provides a useful tool for the study of various surf phenomena. 

To obtain reliable observations of some of the features here described is 
exceedingly difficult. In the field, extreme variability in the wave train 
itself is likely to obscure meaningful relationships. In the laboratory, it is 
difficult to avoid interference by reflected waves and surging*. Because of 
this very uncertainty in measurements, a theoretical framework is almost 
essential for establishing useful relationships. The need for some guiding 
theory becomes especially apparent in the important and perhaps most 
difficult application, the problem of sand transport. In one way or another, 
this problem involves all the applications which have been discussed so far. 

Sand Transport: An Application of the Second Approximation 

Orbital motion on a sloping beach . Sand movements must be governed 
largely by the orbital motion near the bottom. For the present, assume 
that the shoreward transport by the waves is exactly balanced by a return 
flow uniform from top to bottom as discussed in dealing with the rise of the 

Table 4 

Measurement of Rise of Water Level in Berkeley Wave Tank 

Hb a* 0.3 feet 
T «■ 0.86 seconds 
y computed = 0 • 05 feet 
y observed ~ 0.052 feet 


sea surface. The orbital motion can then be considered composed of three 
parts: (a) a one-directional quasi-parabolic motion which constitutes the 
trajectory of particles at passage of solitary waves in still water (equation 
21, plate 4); (b) a return flow uniform from top to bottom associated with 
a rise in the sea surface (equation 11); (c) a slight drift whose velocity and 
direction depends on the elevation of the particle above the bottom 
(equation 37). 

Ftgure 8 shows the three components separately and the net trajectory 
for a particle near the surface. The dimensions were selected to conform 
with an experimental determination 24 of the trajectory, the results of which 
are shown on the bottom of figure 8. The trajectory was determined from 
motion pictures of a vertical staff which was “anchored” to the water by 
long vanes on its lower end. Theory and observations both reveal a net 
shoreward motionf, and a trajectory which has the appearance of an ellipse 
flattened at its bottom. The peculiar shape of the trajectory led the ob¬ 
server to remark 24 that “the true motion of the water particles was found 
to differ noticeably from the (Airy) theory.” 

* The majmitude of error can be estimated from measurements of 11 successive breakers in the Beach 
Erosion Board tank by means of a high speed camera.* 7 These varied from 0.245 feet to 0.296 feet, a tota 
spread of 20 per cent. 

t The observed drift velocity is larger than the computed drift, perhaps because of the action of the 
waves on the float above the vanes. 
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The spacing of the time marks in figure 8 indicates an important feature: 
the shoreward motion (along the top of the trajectory) is much more rapid 
than the seaward motion. Numerical values, which are s umm arized in 
table 5, indicate also the relative magnitudes of the wave velocity, the 
orbital velocities, the velocity of the return flow, and the drift velocities. 
The bottom drift is very slow, equalling only 1 per cent of the orbital velocity 



under the crest, and it cannot possibly account for the mystic “undertow” 
which has been reported by swimmers. 

Observations described in the Beach Erosion Board report** may serve 
to check the order of magnitude of the bottom drift. Unfortunately the 
dimensions of the waves are not stated, but the assumed dimensions in 
table 5, which were derived from the measured trajectory shown on the 
bottom of figure 8, can be considered typical of wave conditions along the 
New Jersey Coast, where the measurements were conducted. The currents 
were determined one foot from the bottom in depth of water of 15 feet by 
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means of two Pegram meters, oriented at right angles to each other. Meas¬ 
urements were extended over 60 tidal cycles. Elimination of the tidal 
component gave a residual current of 0.08 feet/sec (= 300 feet/hour) 
directed off-shore! “This possibly represents a continuous slight movement 
of bottom-water seaward, due to an onshore surface movement caused by 
wave action.” 24 The computed drift velocity of 0.05 feet/sec is of the order 
of magnitude of the measured residual current. 

The following experiment is also reported. 24 “Sixty croquet balls were 
weighted with lead, so as to settle through salt water at about the same speed 
as sand particles from the adjoining beach. Thirty of these were placed 
in the ocean on a line parallel to and 2000 feet from the shore-line, somewhat 
seaward from the breaker zone. The others were dropped, during rough 
weather, at intervals along the Long Branch pier. Only one of the 60, which 


Table 5 

Numerical Values op Wave Characteristics Computed According to Solitary 
Wave Theory por Conditions Similar to Those under 
_ Whi ch Measurements Were Conducted 

Wave height H (observed) 

Water depth It (observed) 

Wave period T (observed) 


4 feet 
15 feet 
8 seconds 


Effective period T a{ (plate 2) 

Relative wave height y (equation 3) 
Horizontal displacement r (equation 17) 


5.9 seconds 
0.28 
18.2 feet 


Wave velocity C (plate 2) 

Orbital crest velocity, n c -i) (platl 10, equation 11) 
Orbital trough velocity, u t —V (plvtc 6, equation 11) 
Return flow 5 (equation 11) 

Surface drive vi—D (plate 12) 

Bottom drift, ^— v (plate 12) 

* (40 is shoreward, (—) is seaward 


-4-24.8* feet/sec 
4-3.9 

- 2.2 “ 

-2.3 “ 

4-0.11 “ 

-0.05 “ 


had lost its weight and risen to the surface , was washed ashore . It was being 
moved along the waterline by the waves when it was recovered. The ex¬ 
periment indicates that the bottom forces, at the times and places of the 
experiment, were either not strong enough, or not in the proper direction, 
to bring the balls ashore.” 

Shepard and Panzarini* have observed the movement, near the sea bot¬ 
tom, of balls carefully weighted to barely exceed the density of water. They 
found wide variations in the bottom drifts. In the breaker zone, three times 
as many observations showed seaward drift as compared to shoreward drift, 
but about 50 per cent were predominantly longshore. At least some of the 
seaward movements can be associated with rip currents. Outside the 
breakers, out of 30 observations about one third showed seaward com¬ 
ponents, one third shoreward components, and one third was predominantly 
longshore. 

* Report in preparation. 
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In contrast to these field observations, Bagnold, 13 in tank experiments, 
reports a seaward drift near the surface, a shoreward drift at the bottom. 

The sand movement . In general, beaches are built up during the summer, 
eroded during the winter. There has, as yet, been no completely satis¬ 
factory explanation of how the sand is moved shoreward during the summer, 
and seaward during the winter. The first discussion of the problem which 
takes into account the nature of orbital motion has been given by Grant 26 
who has proposed the following hypothesis: It has been demonstrated by 
theory and observations that there is a net mass transport of water in the 
direction of wave propagation. Experiments have furthermore shown that 
in the oscillatory orbital motion the “forward velocity exceeds the backward 
and hence in addition to net transportation there is also a differential velocity 
factor of great importance in the mechanics of onshore creep of bottom mate¬ 
rial.” “If the forward motion is more rapid than the reverse movement, 
then some particles may be of just the proper size, weight, and shape to be 
moved shoreward by the high velocity in that direction but not shifted back 
again by the slower reverse current. On the other hand, some larger par¬ 
ticles will not move at all while very small ones may move in both directions. 
In the latter case, if mass transport takes place, it would seem that the fine 
sediment should experience an ultimate net translation toward the shore.” 
“The offshore movement, against the direction of wave propagation, is 
accomplished by the offshore mass water transport, principally that which 
takes place in rip currents. These currents are produced by the excess of 
water moved beachward by the waves.” 

In the previous section, it has been shown that the “differential velocity 
factor,” here emphasized by Grant, is also consistent with the solitary wave 
theory. With regard to Grant’s statement concerning a shoreward mass 
transport, it should be noted that this term is usually applied to the net 
water movement in still water. The net movement in the presence of a 
return flow has been termed as drift . The shoreward mass transport, in 
the foregoing sense, is much too large to be entirely balanced by outflow 
through rip currents. In the previous section, it was assumed that the 
shoreward transport is completely balanced by a return flow associated with 
a rise in sea surface. Under these conditions, the drift along the bottom is 
seaward, even though the mass transport is shoreward. 

Whether the drift along the bottom is seaward or shoreward depends 
upon the extent to which this volume transport is balanced by the return 
flow, as compared to a compensation by rip currents (figure 9). For the 
critical case of zero bottom drift, the shoreward transport of volume equals 
bfR/T, the return flow h 2 Rq/T, and the mean outward movement per unit 
length of beach due to rip currents 

h\R - R>) 

rr 


(SI) 
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If the mean outflow due to rip currents exceeds the amount given in 
equation (51), then the bottom drift is shoreward; if it is less, the bottom 
drift is seaward. Should the latter condition prevail, the following explana¬ 
tion for the sand movement might be suggested: During the summer, when 
waves are generally long and low, the “differential velocity factor” is particu¬ 
larly pronounced, and the sand particles are moved only by the relatively 
rapid shoreward component of orbital motion. In this manner, sand par- 

DIRECTION OF WAVE MOTION 2>==> 


STILL WATER 
MASS TRANSPORT 
(SHOREWARD) 


bottom i 


RETURN FLOW 
(SEAWARD) 




- surface 




Figure 9. The figures to the right correspond to the case where the mass transport shoreward Is 
entirely compensated for by a uniform return flow. In this case, the drift along the bottom is seaward. 
The figure to the left corresponds to conditions under which a substantial portion of the shoreward 
mass transport is returned in rip currents. The net drift along the bottom is shoreward. 


tides move shoreward even though the water along the bottom drifts sea¬ 
ward. In the winter, waves are generally high and short, turbulence large, 
and the differential velotity factor small. The fine sand partides remain 
in suspension, the larger particles roll back and forth to an almost equal 
extent. In either case, the sand gradually moves seaward with the mean 
drift of water along the bottom. 

The foregoing remarks are intended as a suggestion of a mechanism for 
sand transport which is somewhat different from the one proposed by Grant. 
A great deal of work remains to be done before any definite condusions can 
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be reached. To the extent to which the problem of sand transport involves 
the seaward drift of water along the bottom it depends on a higher degree 
of approximation of the solitary wave theory than do the previous 
applications. 


Bibliography 

1. U. S. Navy Hydrographic Office. 1944. Wind waves and swell: Principles in 

forecasting. H. 0. Misc. 11:275. 

2. Sverdrup, H. U., & W. H. Munk. 1946. Empirical and theoretical relations be¬ 

tween wind, sea and swell. Trans. Am. Geophys. Union. 27:823-827. 

3. Burnside, W. 1915. On the modification of a train of waves as it advances into 

shallow water. Proc. Lond. Math. Soc. II. 14:131. 

4. SveedruPj H. U., & W. H. Munk. 1946. Theoretical and empirical relations in 

forecasting breakers and surf. Trans. Am. Geophys. Union. 27:828-836. 

5. Beach Erosion Board. 1942. Technical Report No. 2. A summary of the theory 

of oscillatory waves. United States Government Printing Office. 

6. U. S. Navy Hydrographic Office. 1944. Breakers and surf, principles in forecast¬ 

ing. H. 0.234. 

7. Munk, W. H. 1945. Supplement to breakers and surf, principles in forecasting. 

S. I. O. Wave Report No. 49 (unpublished). 

8. Keller, J. B. The solitary wave and periodic waves in shallow water. N. Y. 

Acad. Sci. 51: (3) 345. 

9. Keulegan, A. H. & G. W. Patterson. Mathematical theory of irrotational transla¬ 

tion waves. T. Res. Nat. Bur. Standards. 24:48-101. 

10. Lamb, H. 1932. Hydrodynamics. Cambridge Univ. Press (6th Edition) London. 

258 

11. McCowan, J. 1891. On the solitary wave. Phil. Mag. 32: (5) 45-58. 

12. McCowan, J. 1894. On the highest wave of permanent type. Phil. Mag. 38: (5) 

351-357. 

13. Bagnold, R. A. 1947. Sand movement by waves. T. Inst. Civ. Eng. 27: 447- 

469. 

14. Scrdpps Institution of Oceanography. 1944. Waves in shallow water (I). 

Change in wave height along Scripps Institution pier with special emphasis on 
breaker characteristics. Wave Report No. 13 (unpublished).* 

15. Scripps Institution of Oceanography. 1944. Effect of bottom slope on breaker 

characteristics as observed along the Scripps Institution pier. Wave Report No. 
24 (unpublished). 

16. Edmondson, T. E., & G. L. Clarke. 1945. Measurements of waves, surf and 

shore conditions on Martha’s Vineyard and Cape Cod. Woods Hole Oceanographic 
Institution (unpublished). 

17. Reynolds, K, C. 1945. Report on the laboratory investigation of characteristics 

of waves approaching beaches. Woods Hole Oceanographic Institution (unpub¬ 
lished). 

18. University of California. 1945. Preliminary report on model studies on the trans¬ 

formation of waves in shallow water. Report No. HE-116-106 (unpublished). 

19. Gaillard, D. D. 1935. Wave action in relation to engineering structures. The 

Engineer School, Fort Belvoir, Virginia. 

20. Munk, W. H., & M. A. Traylor. 1945. Height of breakers and depth of breaking. 

S. I. O. Wave Report No. 47 (unpublished). 

21. Munk, W. H., & M. A. Traylor. 1947. Refraction of ocean waves: a process 

linking underwater topography to beach erosion. J. Geol. 15:1-26. 

22. Putnam, J. A., W. H. Munk, & M. A. Traylor The prediction of longshore cur¬ 

rents. Trans. Am. Geophys. Union. In press. 

23. Munk, W. H., & P. Osborn. (In preparation). 

24. Beach Erosion Board. 1933. Office of the Chief of Engineers, U, S. Army. 

Interim Report. (15 April). 

25. Grant, U. S. 1943. Waves as a sand transporting agent. Am. J. Science, 241: 

117-123. 



402 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Appendix 1: Computation of Drift 
General Equations . Let the parameters m and a be defined by 
mh = M, ma = N 


where M and N are non-dimensional numbers given by equations 27 and 28. 
equations 25 and 26, for the horizontal and vertical components of orbital 
velocity, then become 


d% n 1 + cos mz' cosh mx f 
U dt ma (cos mz 1 + cosh mod ) 2 9 

_ d$ _ r sin mz! sinh mxf 
W dt m<L (cos msd + cosh mod ) 29 

where 

x' a* X + £ — Ct, z' = Z + f 


(52) 

(53) 

(54) 


are the instantaneous coordinates* of motion of a particle initially at x , z. 
The difficulty is that (52) and (53) cannot be integrated independently of 
one another, since, for example, u — f(od, zf) and zf depends upon the verti¬ 
cal motion. 

McCowan shows that by a special device the vertical component can be 
integrated directly, and finds 

f = sin mz' , * 

a cos md + cosh mod * 


To obtain £ it is necessary to proceed by successive approximations. In 
general 

<Z£ = ^ + *£ did 

dt dod dt dz ' dt 9 

or, in view of (54) 


_ dt 

dt dx' 


(u~C) + 



(56) 


Since the motion is principally directed along the x-axis, the second term on 
the right side of (56) is small. Furthermore, u << C, and (56) becomes 
approximately 


d£ ^ _ r dl 
dt dod 9 


(57) 


or 


* 


1 r*£ 

CJ dt 


dx\ 


their^^5 positioner' iniUal coordinates are designated by «o, the displacements from 
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The integration is best performed by replacing o! by 0, where, by definition 

* w sin mz' sinh mx' 

sm ntd = - = - — --- } , 

q cos mz + cosh mx' 

- u 1 + cos mz' cosh mx' 

cos md = - = - j— --- r , 

q cos mz + cosh mx 

and g 2 = u 2 + w 2 . Differentiating either expression gives 
dx' = cos mz * + CQ sh mx ' £q 


( 58 ) 


sin mz' 


sm mz 


(59) 


,dd . 


cos mB — cos mz' 

Substituting (52) and (59) into (57) gives, after some substitution, 

* ci si 


sm wz 

and reverting to original coordinates 

sinh mx' 


Cma j a sin 0 . . ,.. . 

cos mB dd = —-- 7 + const (60) 

sm wz 


£ - -«• 


+ const. 


cos wzz' + cosh mx! 1 

To correct for the approximation in writing (57), a correction term r 
is added to equation 61 which can be evaluated by referring to the exact 
equation 56: 

sinh mx' 


£= -a 


+ t + const 


(62) 


cos mz' + cosh mx! 

Differentiating and substituting into (56) gives, after some simplification, 

dr Cm 2 a . . 

dt (cos ms! + cosh mo!) 2 9 

or, in terms of 0, 


dr 

dt 


Cma 


.2 2 


(cos mB — cos mz') 2 . 


(64) 


sm mz 

The approximation process is now repeated. Proceeding as in (57) by 
“partial integration” 


^ [dr 

C J dt 


dx' 


ma 


sin % ms! 

and reverting to original coordinates 

_ _ ma J sin mz' sinh mx' 
sin 8 ms! \cos ms! + cosh mo! 


(sin mB — mB cos mz') + const, (65) 


. -x / sm mz' sinh mx' \ \ . . 

— sm (- -r~z -r —j 1 cos mz'} + const 

\cos ms! + cosh mo! / J 


( 66 ) 
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Adding n to (66) as a second correction factor, differentiating according 
to (56) and substituting into (63) gives, after much manipulation, 

^11 = ^ --- (cos mB — cos mJ) {cos md( cos mB — cos mz') 2 

dt sm 6 mz (67) 

+ md sin md( 1 -f- 2 cos 8 mz ') + sin 2 m0 (cos — 4 cos »/)} 

and by partial integration 


Tl 


1 f dn 

cJ a/ 




+ 


—\ ———- + sin w0(f + 3 cos 2 mz/) — 3m0 cos mz' (68) 
sm 8 mz (3 

sin mB cos mB , A , A . -a, , « 2 

- -(cos mB + 3 cos mz') — md cos mB[ 1 + 2 cos mz)> 


+ const 

To find the total horizontal displacement r due to a wave, equations 60, 
65, and 68 are integrated from t = — 00 to t = + 00 ; the constants then drop 
out, and the other terms have the following values at the respective limits 
of integration: 


t — — 00 

s' = +°° 

sinh mod = +°o 
cosh mix! = +oc 
tanh mx' = +1 
sin mB = +sin mz 
cos mB — +cos mz 
mB — mz 


t = +00 
a! ~ —00 
sinh mx' = —00 
cosh mx' = + 00 
tanh mx' — — 1 
sin mB = —sin ws 
cos mB = +cos ws 
— — mz 


(54) 


(58) 

(58) 


Then 



v—00 


2a + ma 


sm mz — ms cos m 


sin 3 mz 




( 69 ) 


+ 2»v T ~ — mz ^ ^ sip — ~ — cos gg! ws Tl 

L sin® mz JJ ‘ 


sin® «t2 
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Reverting to non-dimensional coordinates 
g _ 2 N | jy ^sin. AfZ — MZ cos MZ 


sin* MZ 


] 


+ 21V' 


■2 f (3 - sin 2 MZ)(sin MZ - MZ cos MZ) + sin* MZ~]\ 


(70) 


sin 5 MZ 


i- 


For small values of z equation 70 can be expanded in a Taylor series. 
Let fi(MZ) and / 2 (MZ) denote respectively the terms in the brackets of 
equation 70. Then, after very many steps, 

MO) = 1/3 /i(0) = 0 /i'(0) = 4/15 /"(0) = 0 

MO) - 1/15 /J(0) = 0 //(0) - 4/21 /"(0) = 0 

and 


R = 2 £ {1 + + AOlfZ) 8 + • • •] 

^ (71) 

+ 21V 2 [* + ^r(JlfZ) 2 + •••]+•••}. 


Displacement along the bottom . Along the bottom Z - 0, and (71) 
becomes 

Ro = 2 ^ {1 + (72) 

But for this special case the motion is confined to the horizontal, and jRo 
can be found directly without approximation. Substituting from equa¬ 
tions 14 and 31 gives 

1 + N + cosh MX iX 

N ™ 
■* 2 0 cosec fi, 

M 

where cos/? = 1 — N . Expanding by Taylor's theorem leads to a series 
of which the first three terms are in agreement with (72). 

The mean displacement. The mean displacement is defined by the 
equation 

R m f 1 RdZ 
Jo 


where R{Z) is given by equation 70. Since the degree of approximation of 
(70) is not known, it is preferable to determine R from 
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Q - 



( 9 ) 


is the volume per unit crest width. McCowan gives 

_ X sin M( 1 + n) 

11 M cos M( 1 +n) + cosh MX 1 


(29) 


which cannot be 'ntegrated directly because /x appears on both sides of the 
equation. Following McCowan’s suggestion of expanding (29) by 
Lagrange’s theorem and integrating term by term, one obtains, after many 
steps, the series 


R = 2 jg. (1 + \N + &N 2 + -&N* + + + •• •) (74) 


of which the first two terms were already given by McCowan. Unfor¬ 
tunately the series is found to converge slowly, and higher order terms be¬ 
come exceedingly complex. 

The method adapted here makes use of the close approximation of Bous- 
sinesq’s equation 



to the more accurate equation 29. Letting the subscripts “B” and U M” 
refer to Boussinesq’s and McCowan’s solutions, respectively, one can write 

Qm = Qb + 2 Jt f (jiM — fis) dX (75) 

Jo 

where n M and ji s are given by (29) and (7) respectively, and where 

Q»- 4*y|/|. (9) 

The integration was performed graphically for eight values of y. Since 
Qm — Qb is small, this method permits the determination of Qm and R to 
four significant figures. 

Final Computations of R(Z). Let 



2?* = 2 ^ {1 + N[fi(MZ)]} 

R t = 2^{l + N[fi(MZ)] + 2 N*\ft{MZ) J( 
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represent successive degrees of approximation to equation 70. The three 
approximations are plotted in figure 10 for the special case y = 0 . 5 . 
Since #3 still differs appreciably from R 2 , further refinements are desirable, 
but the rapidly growing complexity of the expansion makes this very 
difficult. 

Figure 10 also shows the value of R obtained by the graphical method 
discussed above, and the exact value of the bottom displacement, Ro, as 
found from equation 73. In drawing the final curves R(Z) we are guided 
by the following three considerations: (a) the curves must go through i? 0 ; 
(b) the average value of R(Z) must equal#; (c) the shape of the curves must 
resemble Rz , and, to a lesser extent R 2 . 



Figure 10. Sample calculation of net horizontal particle displacements. The lines marked Ri, 
Ri f Rt and R represent successive stages of approximation. R represents the mean horizontal displace¬ 
ment and Ro the horizontal displacement along the bottom of the last approximation. 


It is clear from figure 10 that the curve Rz(Z) does not satisfy (a) and (b), 
and that the final curve R(Z) must lie considerably to the right of Rz The 
difference Rz — Rz obeys approximately the cubic equation 

Rz- R 2 = a' + b'2f. 

Assume that, in a similar manner, 

R «■ Rz + a + (76) 

Condition (a) requires that 

a *= Ro — jRs,o, (77) 

where Rz,o is the value of Rz at the bottom. Condition (b) requires that 

f 1 (R - R)dZ = 0, 

Jo 
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or, in view of (76) 

b -4 (a + T) (78) 

where 

r = f 1 (Rs- R) dZ 

Jq 

can be determined by graphical integration. In this manner, the constants 
a and b were determined, and R(Z) computed for various values of y 
(plate 12). 

For the special case of breaking waves (7 = 0.78), the procedure followed 
was similar to the one described, except that the profile near the breaking 
crest was computed according to (33) instead of (29). 


Appendix 2 
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Appendix 2—Continued 



Scripps Leica Data, Type X —Continued 
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Appendix 2—Continued 



Scripps Leica Data Type II 



Beach Erosion Board Laboratory Tank Data 
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Beach Erosion Board Laboratory Tank Data- 

—i Continued 


1:33.3 

.75 

.140 

.101 

.141 

.0496 

.72 

1.40 

1.67 

.75 

1:6.3 

.96 

.250 

.262 

.334 

.0529 

1.05 

1.27 

.18 

1.08 

1:6.3 

.74 

.170 

.159 

.191 

.0592 

.94 

1.20 

.21 

.99 

1:6.3 

1.09 

.330 

.307 

.365 

.0546 

.93 

1.19 

.25 

.97 

1:20.4 

1.08 

.324 

.329 

.456 

.0540 

1.02 

1.38 

.49 

1.07 

1:20.4 

.97 

.240 

.259 

.320 

.0500 

1.08 

1.24 

.68 

1.11 

1:20.4 

.75 

.166 

.145 

.181 

.0566 

.87 

1.25 

.78 

.91 

1:20.4 

.74 

.165 

.156 

.206 

.0554 

.95 

1.32 

.63 

.99 

1:20.4 

.75 

.170 

.159 

.211 

.0576 

.94 

1.33 

.58 

.98 

1:6.3 

.97 

.299 

.311 

.413 

.0626 

1.04 

1.33 

.085 

1.09 

1:6.3 

1.09 

.397 

.398 

.556 

.0651 

1.00 

1.40 

.055 

1.06 

1:20.4 

1.08 

.402 

.428 

.612 

.0670 

1.06 

1.43 

.0 

1.13 

1:20.4 

.97 

.296 

.296 

.370 

.0652 

.95 

1.25 

.47 

1.01 


Field Data Collected by Woods Hole Oceanographic Institution 


.0055 

1.60 

.78 


.92 

.0072 

1.37 

1.24 


.86 

.0074 

1.44 

1.76 

i .91 

.0082 

1.66 



1.08 

.0083 

1.80 



1.17 

.0083 

1.45 



.95 

.0104 

1.31 

1.05 


.91 

.0110 

1.77 

.84 


1.25 

.0114 

1.36 

1.35 


.96 

.0114 

1.28 

.86 


.91 

.0115 

1.68 

1.09 


1.20 

.0116 

1.55 

1.02 


1.11 

.0120 

1.90 



1.37 

.0120 

1.75 



1.26 

.0125 

1.35 



.98 

.0126 

1.00 

.98 


.73 

.0130 

1.49 



1.10 

.0130 

1.29 



.95 

.0132 

1.36 



1.00 

.0135 

1.18 

1.38 


.87 

.0139 

1.70 

.93 


1.27 

.0144 

1.30 

1.29 


.98 

.0161 

1.47 



1.14 

.0161 

1.17 



.91 

.0170 

1.00 



.78 

.0170 

.97 



.76 

.0176 

1.06 

1.11 


.84 

.0188 

1.47 



1.18 

.0188 

1.37 



1.10 

.0188 

1.33 



1.07 
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Appendix 2—Concluded 






DIRECTION OF WAVE TRAVEL 
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Plate 6. Orbital motion in a solitary wave according to McCow&n. Solid and dashed curves denote equal values of horizontal and v< 
velocity, respectively. The arrows give the instantaneous direction of flow and their length is proportional to the orbital velocity accordi 
the scale in the legend. Non-dimensional parameters are used throughout the plate. 
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Plate 8. Orbital motion in a solitary wave according to McGowan. Solid and dashed curves denote 
equal values of horizontal and vertical velocity, respectively. The arrows give the instantaneous direc¬ 
tion of flow and their length is proportional to the orbital velocity according to the scale in the legend. Non- 
dimensional parameters are used throughout the plate. 
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Plate Orbital motion, in a solitary wave according to McCowan, Solid and dashed curves denote 
equal values of horizontal and vertical velocity, respectively. The arrows give the instantaneous direction 
of flow and their length is proportional to the orbital velocity according to the scale in the legend. Non- 
dimensional parameters are used throughout the plate. The lower figure represents the extreme case of a 
breaking wave. 
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Plate 10 Orbital \ elocity beneath crest according to equation 30 The direction ol orbital motion j* 
horizontal and the velocity is at a maximum 
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Plate 11 Orbital velocity along the bottom according to lql ation 31 The direction of orbital motion is horizontal 
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Plate 12. Relative horizontal displacements (drift) during one wave period of particles initially 
at elevation Z*. 









WAVE MOTION AT THE SURFACE OF A CURRENT 
WHICH HAS AN EXPONENTIAL DISTRIBUTION 
OF YORTICITY 


By ABDUL JABBAR ABDULLAH 

Massachusetts Institute of Technology , Cambridge ,, Massachusetts 


Introduction . The study of waves that are propagated at the surface of a 
current is greatly complicated by different factors. Among those factors 
one might mention the earth's rotation, turbulence, viscosity, friction with 
outside bodies, and the vorticity distribution in the underlying basic current. 
Various attempts were made to investigate the influence of these factors. 
In these investigations, each factor might have been taken separately, or 
two or more of them might have been assumed to work together. The 
problem of the influence of vorticity distribution, however, has been re¬ 
stricted to some idealized pictures. The present paper might well be classi¬ 
fied in this category. For in the present paper, the vorticity distribution is 
assumed to follow an exponential law. The vorticity is assumed to vanish 
at a great depth and to attain its maximum magnitude at the free surface. 
This, however, is not totally without a justifying reason. For, through 
the work of Ekman, 1 it is known that the surface oceanic currents follow, 
approximately, a spiral law. So that 


and 


V = Foe™ cos +azj 

V = We 02 sin + oczj 


( 1 ) 


where U and V are the components of the velocity in the oc- and y-directions 
respectively; the x-y plane being horizontal and in the undisturbed free 
surface, the s-axis being taken vertical (positive upwards), a is a constant 
which has the value 


„ _ + ^/zzmi ( 2 ) 

where p is the constant density, w is the angular velocity of the earth's 
rotation, 0 is the latitude, and /x is the coefficient of virtual viscosity. In 
equation 1 , Vo is the absolute velocity of the water at the surface which has 
the value 


T 

V ° a ^V2 


( 3 ) 


where T is the tangential pressure of the wind on the free surface. This 
tangential pressure is directed along the positive axis of y. The surface 
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velocity of the water, V 0 , is related to the wind velocity U' by the following 
equation, which was derived by Ekman (see Sverdrup 2 ), 


Vo _ 0-0127 

U' \/sin 6 * 


(3.1) 


Furthennore, it was pointed out by Ekman 1 that, according to equation 
1, the velocity vector turns around with depth, and at a certain depth D 
the direction becomes opposite to the direction at the surface. The depth 
D was called by Ekman the “Depth of Wind currents”. D is related to a 
by the equation 


D - (2.1) 

a. 

Ekman’s computations, however, show that by the time the depth D is 
reached the speed of the current is reduced to a small fraction of the speed 
at the surface. 

In view of the preceding discussion and in view of the fact that waves do 
occur at the surface of ocean currents that are driven by winds, it seems 
interesting to investigate wave motion in these currents. The mathematical 
solution of this problem, in its general form, is rendered difficult because of 
several factors. First, the magnitude of the current speed decreases exponen¬ 
tially with depth, as is easily seen from equation 1. This current dis¬ 
tribution imposes a vorticity distribution. The subsequent wave motion 
thereby inherits a rotational motion, and the usual assumption of a velocity 
potential is therefore inadequate. A second factor is that the current 
changes direction. The motion, therefore, has to be treated in three dimen¬ 
sions. A third complicating factor is that with such a current distribution, 
like the one we are dealing with, the flow is not laminar. Turbulence be¬ 
comes an important factor and it plays a role that may even overshadow 
that of gravity. 

In the present paper, an attempt is made to deal with some aspects of this 
problem. To simplify matters only one of the above-mentioned factors is 
considered; namely, the effect of the speed distribution. The assumption 
is made that the effect of turbulence is to build up the basic current in a grad¬ 
ual manner. It is then assumed that the effect of turbulence on perturbation 
motion may be neglected. The flow may then be considered as laminar and 
free from viscosity. It is further assumed that the effect of the earth's ro¬ 
tation on the perturbation motion may also be neglected. Furthermore, the 
rotation of the velocity vector with depth is neglected and the current is 
assumed to be in the same direction throughout. The motion is therefore 
reduced to two dimensions. 

The magnitude of the basic current, in the absence of vertical motion, is, 
from equation 1, 


U - V 0 e** ; 


( 4 ) 



ABDULLAH: IVA] E MOTION AT SURFACE 


427 


and, if the variation of the direction is neglected, the x-axis taken to coin¬ 
cide with the direction of the current, and the s-axis vertical and point¬ 
ing upwards as before, the equations of the perturbation motion may be 
written as follows 


l +r 

dx/ 

II 

+ 

_1 dp 
p dx 

• (a) 

and 

(l 

II 

+ 

_1 dp 

•• (b) 


\dt 

dx/ 

p dz 


The linearized equation of continuity is 


du , dw 
dx + dz 


(5) 


( 6 ) 


In equations 5 and 6, u and w are the components of the perturbation veloc¬ 
ity in the directions x and z respectively, p is the perturbation pressure, and 
p is the constant density. 

The equation of continuity suggests the use of a stream function p such 
that 


u = — 


and w 


dp 

dz 

dp 

dx 


(7) 


Upon differentiating (5a) partially with respect to z and (5b) partially with 
respect to x and subtracting, the following equation is obtained 


(• + r») 

\dt dx/ 


* + w 5?-° 


( 8 ) 


where $ « zZ - 
dz 

former becomes 


— is the vorticity. 
dx 


Upon substituting in (8) from (7) the 


(iL + r a -W-^ — 

\a* T at/ Y dx 02 s 


= o 




where 


V 2 



It is easily verified that equation 9 agrees with the equation found by Ray¬ 
leigh 8 and later by G. I. Taylor. 1 
The solution of (9) may be assumed to have the form 

* - <P^)e (nr - r,) 


( 10 ) 
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where <p is a function of % only. Using the value of U as given in (4) and sub¬ 
stituting from (10) in equation 9, the following equation for <p is found 

“ if + = 0 (11) 

where the primes indicate differentiation with respect to z. The substitu¬ 
tion 

5 = mV (12) 


transforms this equation to the following form 


ds 2 


+ ! x 

ds 



(13) 


where now the independent variable is s. If, in equation 13, the following 
substitution is made 


a 

(p — s v 


(14) 


where n — —, the following equation for v is found 

OL 

*0+e*+»i-rb-° os 

Equation 15 is a Frobenius type equation. It has singularities at s = 0, 
<r, ± 00 . There are, therefore, three types of solutions. The solutions 
around ± oo are, however, irrelevant to the physical problem which we are 
dealing with. This is because 5 is usually a small number and does not ap¬ 
proach infinity. Hence we proceed to derive the other two solutions. 

The solution around 0. 

Upon setting 

00 

v <= s* X) a i S ' (16) 

•-0 

and substituting in (IS), the indicial equation is found to be 

<rj(j + 2 n) = 0. (17) 

Thus./ = 0, or — In. Taking j = 0 the general term is 

-i _ (rfe)(fe - l)(2fe + 1)(3* + 5 ) • • • (r - 1 m + r — 2) — 1] 

<ra T (rl)T(k + r — 1) 


( 18 ) 
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where T is the gamma function and k = 2n + 1, and the solution is 

1 j, . 2, 


»1 


<r(2» + 1) 


1 + 
+ 




2 (« + 

»(4» + 3) 


©’* •••] 


(19) 


3!(m + 1)(2h + 3) 

and taking; = —2m, the solution may be written in the following concise 
form 


Vi 


”K(s) 


( 20 ) 


where K(s) is an ascending power series in s. The explicit form of K(s) 
need not be written here for reasons that will appear immediately. Tran ce 
the complete solution for equation 13 is 


<p = C\V\ +■ CiVi 


( 21 ) 


where Cs and C\ are arbitrary constants. The boundary condition that, at 
z = — oo, the motion has to remain finite gives 


Ci = 0 and C x = C. 
Hence the complete solution for our purpose is 

<p = CS\(s) 

where 


Sl(s) * 


< t ( 2 n + 1 ) 


1 + 


2!(« + 1) \c/ 

»(4» + 3) 


+ 


3!(m + 1)(2m + 3) 

From (10) it follows that 

i = CSx(s)e <lvu ~ r>) 
and from (7) it follows that 

w - »«CSi(s)«* <ma ~‘ ) • • • (a) 
and u - a CSi(s)e ilmx ~ ct) • • • (b)J 

where 

»(» + 1) / s 


(0 + '"} 


( 22 ) 


(23) 


(24) 


(25) 


Si(s) 


<t(2m + 1) 


" , «(” + 1) /*\ 
. ^ 2!(« + 1) W 


2!(« + 1) \<r, 

»(m + 2) (4m + 3) 


+ 


3!(re+ l)(2» + 3) 


(;)'-} 


( 26 ) 
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To find p the assumption is made that 

- = D(z)e i{mx ~ at) (27) 

P 

where D(z) is a function of z only. If this value is substituted in (5), and 
the equations 24, 25, and 26 are used, it follows that 

- - -1~ — — aSi(s) + «tf.S,(s)l (28) 

P L m J 

The boundary condition at the free surface is (see Haurwitz 4 ) 

+ “ ‘- 0 (29) 

where g is the acceleration of gravity. 

Now at 2 = 0 

so = wF 0 , 

wo = imCSo\(so) I 

and L 2 = — (c — — CaFoSoi 

p 

where the common exponential factor is understood. In (10), and also 
in (30), m = 27rA~ 1 , where X is the wave length, and a is the frequence so that 


is the phase velocity of the sinusoidal waves which travel at the surface. 
Upon substituting from (30) in (29), the following frequency equation is 
found 


(c - Vo) 2 ~ + T r o(c - T'o) - £ = 0. (31) 

O 01 a 

This equation can also be written in the form 

This equation is not readily susceptible to computation. This is because 
both Soi and 5 q 2 involve the unknown quantity c in the form of sums of 
terms in the ascending powers of this quantity. This may be seen readily 
from the identities (23) and (26). Nevertheless, a preliminary discussion 
of its implications may be given. 

In the first place, it is easily seen from the identities (23) and (26) that the 
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limit of the ratio approaches n as 5 approaches zero. That is 

Ooi 


5-*0 \0 01 / 

It is also obvious that s goes to zero if F 0 goes to zero. Thus 


to (§!)-.» 
V>01/ 


Lim 

But, either from (31), or from (32), it is seen that 
when F 0 0 


c-+± 


or 


c-* zk 


\f g Lim (f- 1 ) 

r a v 0 —►o \oo 2 / 

*/Ti 

Van 


(33) 


(34) 


And since n = —, (34) reduces to 
a 



when ]’o = 0, 


(35) 


which is the Stokes’s velocity (see Lamb). 6 This result is in agreement with 
what is expected; since, in virtue of equation 4, the basic current vanishes 
when the surface current vanishes. And if there is no basic current, the 
phase velocity follows the Stokes’s formula for the first degree of approxi¬ 
mation. It is also to be noticed from the identities (23) and (26) that the 
limit given in (33) is valid if F 0 is small compared with c. Thus, (35) can 
be put in the form 


c 


(Vo/o-^o 



(36) 


which shows that Stokes’s formula is approached if the surface current is 
small compared with the wave velocity. 

It appears from equation 32 that there are two factors affecting the wave 
propagation in the case under consideration* These are gravity and the 
current shear. Because the shear is originally produced by turbulence, 
this latter factor will be called the turbulence factor. In equation 32, the 
gravity factor is expressed by the term 

g £01 

5V 

which appears under the radical. The turbulence factor is expressed by the 
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which appears both outside and inside the radical. Now, since the system of 

g 

axes is so chosen as to make Vo always positive, and since the ratio is 
always positive, it follows that 

*yo§- l >o. 

002 


Therefore 


Y^Fo^Y + ^ > Wop 

\ Son/ a Son $02 


This shows that nothing could be said about the relative magnitude of the 
speed of waves travelling in the direction of the current to the speed of waves 
travelling against the current. The two speeds may or may not be the 
same. 

Again, if the absolute magnitude of the radical is taken, it is seen that 


'KsHs-Hs) 


fgS^L ' 

a. S 02 


This shows that the total effect of turbulence and gravity is to give the waves 
a velocity which is smaller than that provided by gravity alone. Turbu¬ 
lence is, therefore, a retarding factor. This, again is expected, since turbu¬ 
lence is, in a way, a frictional force like viscosity. 

It has already been remarked that neither equation 32 nor equation 31 
is readily susceptible to computation. Therefore the numerical computa¬ 
tions from these equations has to be done by some method of approximation. 
The method followed here is that of successive approximations. From the 

a 

identities (23) and (26) it follows that the ratio ~ has the value 

001 

5m r 1 , 1 (V A 10»* + 19» + 3 (VoY 1 , . 

Sm. *L 1 + 2(« + dVJ + 12(« + l) 2 (2w + 3)\ c ) + ’ " J (39) 

and from equation 31 it follows that 


(*- VoT^ + Voic-Vo) 

Od 


The first approximation would be to put 

Son 

_ = ni = 
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Figure 1 is a plot of these values. 

It can be seen from these tables that the second approximation gives for 
m values that are slightly higher than those given by the first approximation. 
The difference, however, is small and the correction involved is of the order 
of 3 per thousand. 

Figure 2 is a plot based on table 2. 

It can also be seen either from figures 1 and 2 or from tables 1 and 2 
that Stokes’s values for the velocity are higher than the values given by 
(40). This is in agreement with the discussion given in this paper. 


Table 2 


Vo =* 10 cm/sec., a * 10” 4 c.g.s., g » 980 c.g.s. 


cm/ 
sec . 

| First approx. 

Second approx. 

Stokes values 

mi 

X ms. 

m 2 

X m. 

m. 

\ 8 m. 

1 

1.555 

0 

00 

0 

00 

0.0 

2 

2.555X 10~* 

0.641 



9.8 X 10-* 

1.00 

3 

2.555 

2.562 



2.45 

2,64 

4 

0.586 

5.78 



1.09 

5.56 

5 

0.50 X 10~ a 

10.30 

6.08 X 10-* 

10.42 

0.61 X 10“* 

10.75 

6 

2.59 

16.15 



3.92 

16.28 

7 

2.405 

23.09 



2.72 

23.00 

8 

1.485 

, 31.60 



2.0 

31.42 

9 

1.513 

| 41.04 



1.53 

41.00 

10 

1.20 

I 52.30 

1.18 X 10-* 

53.60 

1.21 

51.80 

u ! 

9.7 X IQr* 

| 64.80 



0.98 

64.00 

12 

8.0 

■ 78.50 



0.81 

77.25 

13 

6.22 

100.80 



0.68 

92.50 

14 

5.72 

109.90 



0.58 

108.20 

15 

4.92 

, 127.60 

4.91 X 10-* 

127.80 

5.0 X 10r* 

125.50 

16 

4.34 

1 144.90 



4.35 

144.10 

17 

3.77 

, 167.00 



3.83 

163.80 

18 

3.33 

1 188.50 



3.39 

185.00 

19 

2.97 

1 210 80 



3.02 

207.90 

20 

2.66 

1 236 00 

2.63 X 10- 4 

238.5 

2.70 

232.30 

25 

1.66 

i 378.00 

1.65 

380.4 

1.71 

367.8 

30 

1.13 

561.00 

1.12 

560.8 

1.66 

541.0 

35 | 

0.8 

764.00 



0.848 

742.1 

40 

0.618 

1015.00 



0.613 

979.0 


The solution around <r. 

The previous discussion was based on the assumption that s is very small; 


* Vq 

that is, that the ratio -y is in the neighborhood of zero. It is thought that 

this has some physical significance, since the wave velocity is usually much 
greater than the velocity of the basic current. However, a solution for 
equation IS may be found for values of 5 that are in the neighborhood of 


y 

<r; that is, for values of — near unity. This does not seem to have much 
c 

physical bearing since c is usually much greater than 7o. Nevertheless, 
the solution for this case will here be given for the sake of completeness. 
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If in equation 15 the substitution 

i — <r = ii 



(ix + <r)$i ^ “ * = °» * = 2n + 1. (41) 


The solution for (41) may be assumed to have the form 

v = s((ao + OnSi + <z®5i + * * * <V r + •' • )• 
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The indicia! equation is 


and the r + 1 th term is 


j(j - 1) = 0 


a .*4 = 1 - fr +/W +J - 1 ~ ® a s' 
r+1 1 <r(r + j)(r + j+ 1) 

Taking.; = 0, this becomes 

- „r+i _ 1 - r(r - k - i) „ ,r 
&r+l S — - 7 -, \ 

<jr(r + 1) 

and the series solution in terms of the original variable s is 

v = C(s — a)H\ 




(1 + k)(2k - 1) 




Taking j = 1, a solution identical to (43) is found. An additional logarith¬ 
mic solution may then be written, but this is not necessary because this 
additional solution will vanish in virtue of the lower boundary condition. 
Hence the complete solution for our purpose is 

t = Cs n (s - a)Hie‘ imx ~ <,t) 

Hence 

w — imCs n (s — (44) 

and 

u = [«Ck(s - <r)s n Hi + aCs n+1 H 2 ]e tl,nx ~’ t) _ 


Hi = i + - (1 - 2 ^ -- (s - cr) + 3 (1 + 2 f. 3 2 ^ 1} ~ «)* + •' •• (45) 

And from (5) it is found that 

- = \cc s n [»(r - <r)Hi + sHi] - — 1 (i - (rjfld (46) 


Upon substituting in the boundary condition for the upper free surface, 
which is given in equation 29, the following frequency equation is found 


(47) 
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It can be seen that, in (47), when 

Fo —► 0 

<r —* ± \/mg. 

Also when F 0 —* c , the ratio -=? —► 1, and 

H 1 

o' —► zb y/mg. 

which is the value that one expects. 

Stability of Surface Waves . 

To investigate the stability of the waves under consideration it will be 
assumed that, in the undisturbed case, the air flows with a velocity which is 
constant with height. Let the component of this velocity in the direction 
of x be U '. It will further be assumed that the wave motion in the air is 
symmetrical with respect to the y-axis. The air will be considered as a 
homogeneous non-viscous fluid of constant density p'. The compressibility 
of the air is neglected because the speeds we are dealing with are much 
smaller than the speed of sound. Under these assumptions the equations 
of the perturbation motion in the air will be 


and 


(-+ r u' = -- ^ (a) 

\dt dxj p' dx w 

(1 + U '±) W ' = ( b )| 

\dt dx) p dz J 


(48) 


(49) 


and the linearized equation of continuity is 

du' , du/ _ 
lx + 'dz 

where the primes refer to the upper fluid, which is the air. 

Upon differentiating (48a) partially, with respect to z, and (48b), with re¬ 
spect to x , and subtracting, the following equation is obtained 

dj/ 
dzj 


(i 4 . r * V*?! - . 

\dt dx)\dx dz) 


(48.1) 


Equation 49 suggests the use of the stream function \}/ f , such that 

dip r 


u = 


w f 


dx 


(SO) 


Upon substituting from (50) in (48.1), the latter becomes 




(51) 



438 


ANNALS NEW YORK ACADEMY OF SCIENCES 


where v =b + b- 

Let the solution of ^ be of the form 

where <p'(z) is a function of z only. Upon substituting in (51), the following 
differential equation for <p' is obtained 

2 / r\ 

— m <p ~ 0. 

dz 2 

This has the following solution 

<p' = C[e mz + 

Because <p f has to remain finite when z becomes infinite, it follows that 

C[ = 0 , C' 2 = c 

hence 

/ r*f j-mg 

<p = Ce 

and therefore 

f ( 52 ) 

and, from (50), 

u‘ = c'me- nu e i<nx -’ t) 
and 

«•' = (b) | (53) 

Also, from (48), it is found that 

P' = C'p'ifr - rnU , )e- mi e iimx -' ,t) . (c)J 

The boundary conditions at the surface which separates the upper fluid 
(the air) from the lower fluid (the water) is 

P + p - (i* + p') = 0 (54) 

where the capitals stand for the undisturbed conditions and the small letters 
for the perturbation quantities. Under the previous ass um p ti ons (54) 
may be written in the following differential form 


(a)' 


- f,> + [£] h ~ *> + M s <p - « - »• 


(55)' 

at s = 0. 

Because both fluids are assumed to have no vertical accelerations in the 
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undisturbed case, the undisturbed pressures are given by the hydrostatic 
equation, and therefore 

£(P- P 0 = ~Z(P ~ pO- (56) 

Upon substituting in (55) from (30), (53), and (56), first for the upper fluid 
then for the lower, the following two equations are obtained 

(a - mU')ap[(c - 7 0 )S<n + VoS Q1 ]C 

+ [(er — mU')p'm(c - C') — g(p — p')m]C' = 0 

{(cr — mVb)ap[(c *— Fo)*So2 + UoSoi] 

— w5oi g{p ~ p')}C + (a — mVv)p'm(c — U')C f = 0 


where c = — is the phase velocity of waves; and, upon equating the ratio of 
m 

the constants, the following frequency equation is found 


mp'{c — l ') 2 + ap(c — T o) 2 oP (r — T 0 ) - g(p — p') = 0. (57) 

Solving this equation for c, the following is found 

/ , 0^02 
p + mS u p 


g(p _ p0 wagpp'(f/'-Fo) J + Wa pp'F 0 (t/'-Fo)-(^pFo) 2 


It may be remarked that, if in this equation p f is set equal to zero, the equa¬ 
tion reduces to 

e . n - (jv. |) ± 4/«|+(in|J, ®.i) 

which is the same as equation 32. Furthermore, if the lower fluid is as- 

Sf& 

sumed to have a constant basic current, i.e. if a —»0, then —> m and the 

ooi 

equation reduces to 

p' u ' + P V o ± iA P “ p' _ PP'iU' - Vo)* (58.2) 
p' + P V mj +7 (p + p') s 
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which is the well known equation for the velocity of waves at the inner 
surface separating two incompressible fluids (see Lamb 6 p. 373). 

It can be seen from equation 58 that the stability of the waves depends 
upon the value of the radical. The waves will be stable if 


(p ~ p')(^np' + a p ) 
pp' 

> r *^° 2 


(ah’ + 




(59) 


where 


Or if 


A U - U’ - Vo. 


X ^ 


“ ~ PP'(Ar ) 2 + | pp'Vq(au) - Q £ P " oj 


2ir m Soi 
~g 


m 


(P 


4 ' + st') 


(60) 


where X is the wave length. 

The inequality (60) is not readily susceptible to computations, because of 
the appearance of the unknown m in the right hand side, and because the 

g 

ratio ~ involves the same quantity in the form of a sum of terms in the 
Ooi 

ascending powers of m. A certain amount of discussion is, however, pos¬ 
sible. Equation 60 may be compared with the corresponding equation 
which is derived from (58.2). There, it is found that the condition for sta¬ 
bility is given by the inequality 

p'(AD 2 


X. 


pp 1 


g (p — p'Xp + p') 


(61) 


a iS 

Since — ~ is not very different from unity, the denominator of both in- 
m ooi ■ 

equalities are nearly equal. The first term on the right hand side of (60) 
is therefore nearly equal to the right hand side of (61). Hence, for a first 
approximation the inequality (60) can be written in the following form 


X £ X, + 


£ ppTo(Ar) 

771 


•>-0 £ 4 ’ 


(p - p'Xp + p') 


(60.1) 


(60.1) gives for the critical wave length a value which is somewhat higher 
than that computed on the basis of the simpler inequality (61). Thus, for 
U f = 10 m/sec, p = 1, p = 1.3 X 10"” 3 and a = 10~® c.g.s. units, the critical 
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wave length for V — 15 cm/sec is 8.124 cms, and for V = 10 s cm/sec it is 
9.683 cms, whereas (61) gives 8.1 cm and 6.25 cm respectively. The cor¬ 
rection, therefore, becomes more pronounced as the surface current increases. 

Summary 

In this paper, a first attempt is made towards a solution of wave motion 
superposed on a current which is caused by winds. The current is assumed 
to follow the Ekman’s spiral in speed but to remain constant in direction. 
Frequency equations are derived in the form of series solutions, and approxi¬ 
mate computations on the basis of these series are made. The results are 
compared with gravitational waves that are travelling on a constant cur¬ 
rent. The stability of surface waves is also discussed. The assumption 
is made that the wind velocity is constant with height. 
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DETERMINATION OF THE DEPTH OF AN UNDER- 
WATER EXPLOSION FROM MEASUREMENTS OF 
THE DOME OF SPRAY* 

By CHAIM L. PEKERIS 

Department of Applied Mathematics, The Weizmann Institute, Rehovoth, Israel and the 
Institute for Advanced Study, Princeton, N. J. 

With a view to a possible application to the interpretation of artificially 
generated surface waves under controlled experimental conditions, an ac¬ 
count is given here of some observations made in 1944 of the dome of spray 
which is thrown up by a statically-fired, underwater charge. Motion pic¬ 
tures were obtained of the rise of the dome of spray when charges of known 
weight and depth of suspension were set off, and methods were developed 
for determining the depth of the charges from the photographs alone. This 
study proved that the initial spray velocity is equal to the acoustic particle 
velocity imparted by the shock wave, an assumption which was first made 
by Shaw. 

According to Shaw's theory, based on the above assumption, the distance 
out from the center of the dome to a radius where the dome-height has de¬ 
creased to half the central height is equal to the depth of the explosion. An 
analysis of the dome shapes of some fifty static shots fired mainly at depths 
of 30 to 40 feet, by a modification of Shaw's method, gave values which 
were within about 10 per cent of the actual depths. This result confirms 
the applicability of Shaw's method to statically-fired charges. 

An alternative method for determining the depth of an underwater ex¬ 
plosion was also developed, based on measurements of the initial rate of rise 
of the center of the dome of spray. The results of analysis of the 50 shots 
by this method show that the accuracy obtainable is around 6 per cent. 

When the distance of camera to charge is not known, neither of the above 
methods is applicable. But the two methods may then be combined to 
obtain a value for the ratio of velocity at the center of the dome to the depth 
of charge, from which the depth can then be inferred. This method is 
accurate to about 5 per cent. 

The interval between the first appearance of the dome and the time when 
the plumes emerge above the dome was found to be highly variable for 
charges at the same depth. It is, therefore, not believed that the depth of 
an underwater explosion can be inferred from this time interval alone. 

Shaw's method of determining the depth of an underwater explosion from the 
shape of the dome of spray. The idea underlying Shaw’s method is that the 
initial rate of rise of the spray is equal to the acoustic velocity imparted to 
particles in the surficial layer by the peak of the shock wave. If P denotes 

, ;* Based on wo* dbs« st Colombia University under contract with O.S.ILD. 
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the peak pressure in the shock wave, p and c the density and sound velocity 
of the water, then the particle-velocity v is to a sufficient approximation 



10 *0 30 40 50 60 70 

Frame Numbe r 


Figure 2, Height of center of dome of spray as a function of time. 

(see discussion below) given by v = P/pc. Referring to figure 3, the veloc¬ 
ity imparted to a particle at 0 in the surface by the direct pressure wave 
from the charge at C is in the direction CO. The image source imparts to 
it a velocity of equal magnitude in the direction 01. In the resulting veloc¬ 
ity, V, the horizontal components cancel out and 
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V = 2v cos 6 = — cos 6 = (1) 

pc pcR 

The variation of peak pressure P with distance from the charge has been 
determined empirically for a number of explosives. 

In the range of values of charge weight If and distance R from charge 
which is pertinent to our application, the relation is 

P = A(W w /R) n , (2) 

where A and n depend on the kind of explosive. The value of n is greater 
than 1 on account of dissipation of the shock front. Combining (1) and (2) 
we obtain for the variation of initial velocity with horizontal distance r 



Figure 3. 


along the surface, 


Tr , s _ 2 ADW* 1 * 

W ~ pc(f + DY +n)12 ' 

V(r) _ l 

V(o) (1 + f 2 /£ 2 ) (1+n >' 2 - 


(3) 

(4) 


Shaw assumes that n = 1, and it then follows that at the value of r } where 
V(r)/V(o) = 1/2, r/D = 1. Hence 


D - r( 1/2). 


(5) 


We shall now comment briefly on some of the assumptions and approxima¬ 
tions involved in the derivation of equation 4. First, considering the 
source and image separately, the relation v = P/pc, which is valid in the 
acoustic approximation of weak fields, is not strictly true close in to the 
charge. It can be shown, however, that the error involved in the peak 
velocity is of the order of magnitude of v/2c, which in all but three of the 
cases considered does not exceed 2 per cent. 
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The next approximation is involved in the use of an image-source for the 
wave reflected at the surface. The combination of source and image does 
not quite annul the pressure at the surface, there actually remaining a suc¬ 
tion AP of magnitude (1/2 )pV*. For a velocity of 200 ft/sec, this amounts 
to about 18 atmospheres! This suction can be compensated for by adding 
a system of positive image-sources situated above the surface, and treating 
the latter by the acoustic approximation. The added velocities due to the 
new system of images (which have both downward and horizontal com¬ 
ponents) are, however, of the order of magnitude of A P/pc = V*/2c. The 
error in the velocity introduced by neglecting these additional terms is 
therefore, again, of the order of 2 per cent or less. 

As to the assumption that the initial spray velocity is equal to the peak 
particle-velocity, the following can be said. Let cavitation start when the 
pressure has been reduced by the reflected wave to a suction of ir atmos¬ 
pheres, and let us assume that the pressure varies initially as e~ xt . It can 
be shown that when cavitation starts, X/ ^ (x + 1)/P, where P is the peak 
pressure in the shock wave. The assumption will be justified if (w + 1)/P 
is small, for then the velocities due to both the source and image will not have 
decreased appreciably from their peak values at the time of rupture. Now 
P is of the order of magnitude of 200 atmospheres, while ir is close to O near 
a solid surface, and is not likely to be much larger in the free water, in view 
of the probable presence of bubbles in the surface layers. Even adopting 
Reynolds’s estimate of ir of about 5 atmospheres, the deviation from the peak 
velocity, which amounts to about (ir + 1)/2P, is less than 2 per cent. 

We may add in passing that when tt/P is small, the thickness of the layer 
above the rupture surface is given by 

Or + 1 )cR 

'~ 2pko (‘-s) <6) 

For a 300-lb. charge of TNT at a depth of 40 feet, X = 1300 sec -1 , and 
z(o) <0.1 ft. The detached layer of water will therefore be of the order of 
an inch in thickness. This layer will undoubtedly be followed by other 
layers successively detached. 

Modifications of Shaw’s method. Alternative methods of determining depth 
of explosion based on measurements of the initial rate of rise of the center of the 
dome of spray. In principle, it should be possible to determine the depth 
either from equation 3 


V(r) = 


2ADW nl * 
P c(f + D*) a+n),t 


( 3 ) 


or from equation (4) 


V0) __ 

7(o) " (1 + r 2 /if ) a+n) 12 ' 


( 4 ) 
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If, for example, the initial velocity of the center of the dome V(o) is deter¬ 
mined from the photographs, then the depth of explosion D can be inferred 
from the relation 


v(o) = - (w m /n) n , (7) 

pc 

where W denotes the weight of charge, and the constants A and n are known 
for each kind of explosive. Relation (7) depends on a knowledge of the 
absolute value of the pressure, while relation (4), on which Shaw’s method 
is based, depends only on the relative variation of pressure with distance, 
or on the shape of the dome of spray. 

The difficulties attendant on the application of either of these methods are 
of a practical nature. The shape or velocity of the dome should be deter¬ 
mined from the first few frames of film, but in these initial frames both the 
height measurements and the velocity measurements are subject to large 
uncertainties. To begin with, there is an uncertainty in the origin of time 
(first appearance of dome on the surface), which is of the order of the inter¬ 
val between frames. Secondly, the base-line of the dome is ill-defined in 
the first few frames, because of the oblique view of the base of the dome 
which is superimposed on the dome-profile, on account of the elevation of the 
camera above the water surface. In principle it should be possible to allow 
for this error when camera height and distance from charge are known, but 
in some cases the cavitated base extends beyond the full width of the film, 
and, furthermore, even small errors in measurements of the initial small 
heights are serious. 

The procedure adopted in our analysis was to attach little weight to the 
measurements in the first third of a second (for a 300-lb. charge' at a depth 
of 30 or 40 feet) and to obtain the initial half-width of the dome by extra¬ 
polation from the later frames, in the mamier shown in figure 4. Some 
justification for this procedure may be found in the fact that after about 
0.3 seconds the cavitated base has shrunk considerably and the base-line 
of the dome appears practically straight. 

In a similar manner, the initial velocity of the center of the dome V(o) 
was obtained by extrapolation from a plot of H{t)/t , where H(t) denotes the 
measured height of the center of the dome at time L It was found that, 
after about 0.3 seconds, the points align themselves very nearly on a straight 
line, whose intercept with the axis of ordinates was taken as V(o). The 
slope of this line determines the deceleration, which was found to be of the 
order of 2.5g. 

The difference between our procedure of measuring the dome shape and 
Shaw’s, is that Shaw measures the heights at a number of points in each of 
about three frames taken in the first third of a second, while we rely princi¬ 
pally on the later frames and measure only the half-widths. 

In applying Shaw’s method, it is necessary to know the distance scale, 
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but not the speed of the film. In the analysis by the velocity method, one 
needs to know both the distance scale and the speed of the film. Now it is a 
simple matter to determine the film speed by photographing a second- 
watch on the film (no reliance should be placed on the rated film speed). 
The determination of the distance scale requires measuring the distance of 
camera to charge, which is often difficult to carry out. At least, this writer 
has come across a great many films of good photographic quality in which 
the distance scale could not be determined, or was uncertain. 

In such a case, the depth of explosion can still be determined by combin¬ 
ing Shaw’s method with the velocity method. The ratio V/D, where D 



is determined (in terms of an unknown unit of length) from the half-widths, 
is independent of the distance scale, and the depth can then be inferred 
from the relation 


v(fi) _ 2A W*‘* 

D pc Z>+ 1 ' W 

Outline of procedure used in analyzing the dome films . To sum up, the 
procedure used in analyzing the dome films was as follows: 

1. Speed of film was determined from a second-watch photographed on 
film. 

2. The distance scale was computed from the camera-to-charge distance 
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(as determined from the cable length paid out), the measured focal 
length of the camera, and the magnification of the film reader used. 

5. Tracings were made of the dome profiles, and the half-widths r( 1 /2) then 
determined, on all frames prior to the emergence of the plumes. 

4. The ratio H/t, where H denotes the central height of the dome, and 
r(l/2) were plotted against t (see figure 4), and from the intercepts of 
the best-fitting straight lines with the axes of ordinates the initial 
half-width and velocity V(o) were determined. In passing the straight 
line through the points, little weight was given to the first ten frames 
(0.3 seconds) and to the frames immediately preceding the emergence 
of the plumes. 
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Figure 5 . Comparison of observed initial rate of rise of center of dome (Voba) with the acoustic particle 
velocity (Vth). Vth was taken as P/pc, where P denotes peak pressure. The latter was taken from the em¬ 
pirically established variation of pressure with distance. 


The extrapolated half-width is denoted by D(S). Allowance was 
then made for the fact that the pressure varies like R~™, n — 1.15 to 
1.30 (rather than 1.0) depending on the kind of charge. The new 
depths are denoted by D'(S). 

5. A depth D(V) was deduced from the equation 

2 a ir *' 8 


r 


• pc D(jy ’ 


( 7 ) 


where W denotes the weight of charge in lbs., and the constants A 
and n were taken from the empirical formulae for the variation of 
peak pressure P with distance P, 

P(R) = A(W*/R) n . (9) 


It should be understood that relation 9 is of an empirical nature and 
is valid in a limited range of W*/R only. 

6. A depth D(R) was computed from the relation 

V(o) _ 2A PT /S 
iy(S) pc D(R ) n+1 " 


( 10 ) 
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When the distance scale is not known, only D(R) can be determined 
from the film. 

Discussion of results 

Observed vs theoretical initial velocities of the spray. The principal result 
of this investigation, which is new as far as full-sized depth charges are con¬ 
cerned, is a satisfactory agreement between the initial spray velocity and the 
acoustic particle-velocity based on the empirically determined variation of 
pressure with charge weight and distance. This is shown in figure 5. In 
shots 35 through 41 the distances between camera and charge were some- 



— Actual depth ± n Film speed somewhat uncertain 

a ■ Film speed known a a Film speed uncertain 

Figure 6 Computed versus actual depths. 


what uncertain, and it is likely that they were overestimated, because the 
computed depths D(S) exceeded the actual depths by about the same factor 
as T' 0 bs/T r th. When the original values of F 0 bs/Fth were reduced by the 
factors D(S)/Da C tua the square points were obtained, which are seen to be 
much closer to unity. The maximum deviation of F 0 bs from Fth is about 
20 per cent. Some of the extreme deviations occur, however, in shots for 
which the film speed was not known. In the shots for which both the 
camera distance and film speed were known, and which were furthermore of 
good photographic quality, the maximum deviation is 11 per cent. 

Some of this deviation may be due to actual variations of pressure with 
the kind of booster used, as well as to deviations of the wave front from 
spherical symmetry. In this latter connection, however, it should be 
pointed out that the group of shots Nos. 75, 76, 119, and 122, in which the 
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charges were fired with their axes in a horizontal position, is not markedly 
distinguishable in figure 5 from the other shots in which the charges were 
fired in a vertical position. All of the charges plotted in figure 5 were sus¬ 
pended in midwater, except the last one of 3000 lbs., which was placed on the 
bottom. In computing the theoretical spray velocity for this charge the 
effect of the bottom was not included. 

Actual vs. computed depths. The depths deduced from the half-widths 
D(S), from the velocities D(V), and from the ratio of velocity to depth 
D(R) are shown in figure 6 . Disregarding again shots 35 through 41, for 
which the distance-scale was uncertain, the maximum deviation of D(S) 
from actual depth is 35 per cent, that of D(V) 18 per cent, and of D(R) 20 
per cent. In the case of D(R ), shots 35 to 41 do not appear anomalous be¬ 
cause the computation of depth by this method does not depend on the dis¬ 
tance-scale. 


Table 1* 


Depth of 
charge (ft) 

Num¬ 
ber of 
shot8 

L 

Average completed 
depth by 

Shaw's method 

DOS) D'OS) 

Average com- 
1 puled depth 
by velocity 

1 method D(D 

Average com 
puled depth | 
by (V/D) 1 
method D(R)\ 

Ratio of 
measured 
velocity to 
th udocity 

Net , 
charge 
Height 
lbs > 

Depth 

of 

water 

6 

i 1 


Distance to 

1 8 4 


18 1 

6 

7 , 

i 

! camera not known 

7 2 


100 

7 

JO 


31 6 ±2 0 

33 4 ±1 8 

1 31 3 ±0 9 

32 5 ±1 0 

0 95 ± 03 

39- 197 

80-100 

40 

1 46 

43 8 ±4 2 

46 9 ±4 4 

39 2 ±2 7 

42 3 =b2 7 

1 06 ±09 

100-1000 

80-100 

40 

, 39 

42 5 ±3 4 

45 6 ±3 7 

1 40 2 ±2 9 

42 5 ±1 9 

1 013 ± 036 

100-1000 

80 100 

48 

1 

49 1 

51 6 

43 5 

47 0 1 

[ 1 14 

3000 

48 

60 

1 

61 6 

64 7 

j 61 0 

I 63 5 

0 94 

2Q 2l 

98 


* Statistical summary of depths of explosion computed from an analysis of photographs of domes of 
spray For an explanation of the different methods U3ed see page 448 In oa^ of the charges fired at 40 
feet depth, the 46 shots include all case3 analyzed, while in the group of 39 shots. Nos 35 through 41 were 
excluded, because m those the distance of cameia to charge was uncertain 

Besides the shots shown in figures 5 and 6, two others were analyzed for 
which the distance of camera to charge was not known at all. In such a 
case, which is apt to occur frequently in practice, the depth can be deduced 
only from the observed ratio of velocity to the half-width of the dome. In 
the first case, of a charge of 100 lbs. of TNT resting on the bottom in 7 feet 
of water, a value of 7.2 was found for D(R ). In the second case, of a charge 
of 18 lbs. of TNT resting on the bottom in 6 feet of water, D(R) turned out 
to be 8.4 feet. The latter value is excessively high. The only peculiarity 
of this shot was an unusually large deceleration of the film in the first dozen 
frames. 

A statistical summary of the velocity and depth determination is given in 
table 1. 

Deceleration of the dome . The deceleration of the center of the dome can 
be estimated from the slope of the velocity curve in figure 4. The average 
value for 44 shots was found to be more than twice the acceleration of grav¬ 
ity, namely 86 db 15 ft/sec 2 . With this estimate of the deceleration, one 
may attempt to speculate on the state of the spray in dome. Two extremes 
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suggest themselves: (1) the surface of the dome may be impervious to the 
air, or (2) the spray may consist of individual drops rising through still 
air with a velocity equal to the observed velocity of the dome. Case 1 can 
be ruled out immediately because, considering a sheet of water of thickness 
z feet with a pressure of one atmosphere on top and zero pressure on the 
bottom, the deceleration would be (1100 /z) ft/sec 2 , which would require a 
thickness of about 20 feet. 

In case 2, one can compute the deceleration of a drop when under the in¬ 
fluence of gravity and the drag. Taking a typical initial velocity of 80 
ft/sec, an observed drag-deceleration of say 50 ft/sec 2 , the diameter of the 
drop would have to be about 1.5 cm. This is a rather large value, but it is 
possible that the air partakes in the upward motion, so that the relative mo¬ 
tion of the drops is less than the observed motion of the dome, and the drag 
is correspondingly less. 

It may be added that even if the drag-deceleration is proportional to the 
square of the velocity, the height reached at say 0.8 seconds will be within 
10 per cent of the value computed on the assumption of a constant decelera¬ 
tion corresponding to the initial velocity. 

Conclusions 

The following conclusions have been drawn on the basis of an analysis of 
photographs of the dome of spray from some 50 statically-fired charges: 

1. Estimates of the depth of an underwater explosion from an analysis of 
the shape of the dome by a modification of Shaw’s method can be made 
with an accuracy of about 10 per cent.* 

2. The depth of an underwater explosion can also be determined from the 
observed initial rate of rise of the center of the dome with an accuracy 
of about 6 per cent. A technique was developed for determining the 
initial velocity of the center of the dome, and the measured velocities 
were found to be within about 7 per cent of the acoustic particle- 
velocity in the shock wave. 

3. When the distance of camera to charge is not known, neither of the 
above methods can be applied, but the depth of explosion can still be 
determined from the observed ratio of velocity to the half-width of the 
dome. The depth can be determined by this method with an indicated 
accuracy of about 5 per cent. A by-product of such a dome analysis 
is a determination of the distance of camera to charge, which may be 
of use during testing operations. 

4. The satisfactory agreement found between the initial spray velocity 
and the acoustic particle-velocity in the shock wave offers an inde¬ 
pendent check (within about 7 per cent) on the absolute pressure 
measurements made at the Underwater Explosives Research Labora¬ 
tory, at Woods Hole, Massachusetts. 

* This is tie range on either side of the correct depths in which are included half the computed depths. 



NOTES ON SURFACE WAVES 

By MAURICE EWING and FRANK PRESS 
Department of Geology , Columbia University , New York , N. Y. 

Introduction. Measurement of the pressure fluctuations at subsurface 
points, in contrast to direct observation of the sea surface, has recently be¬ 
come the principal method of studying surface waves. The detailed hydro- 
dynamical theory was available long before submarine pressure measure¬ 
ments were made, having been cultivated for its mathematical interest and 
its bearing on other types of wave propagation. The combination of new 
methods of observation with an adequate established theory has produced 
rapid progress during the last few years, and promises much for the future. 

The first section of this paper will discuss certain problems in the study of 
waves by subsurface pressure measurements. The second will present a 
brief review of some points in classical theory which have been subject to 
misunderstanding in the recent literature of surface waves. The third out¬ 
lines a proposed investigation of the swell and microseisms generated by 
intense storms. 

Measurement of Surface Waves by Measurement of Pressure 
at Subsurface Points 

Evolution of pressure recorders for wave studies . Late in 1943, a self-con¬ 
tained pressure recorder, which could sit on bottom and record pressure as a 
function of time on a scale useful for studying ocean surface waves, was built 
by Deysher at the Woods Hole Oceanographic Institution, according to a 
design by Ewing. The main feature of this recorder (see figures 1 and 2) 
was an external flexible air reservoir which communicated through a slow 
leak with a rigid case and communicated freely with sensitive bellows within 
the case. The slow leak amounted to a filter, with time constant about 10 
minutes. The bellows were connected with a pen arm which indicated the 
difference between the instantaneous and the mean pressures. Figure 3 
shows a typical record obtained with this equipment. 

Several instruments of this type were built at the Woods Hole Oceano¬ 
graphic Institution and were used in wave observations by Edmonson, 
Clarke, and others. 

Numerical curves were prepared by Munk for computing wave heights 
from pressure fluctuations, period, and depth of water according to the 
classical equations for pressure fluctuation beneath simple harmonic surface 
waves of small amplitude. 

There are many problems in surface waves which could best be solved by 
a short series of observations at numerous suitable locations, rather than by 
observations at the few points at which permanent shore-based installations 
can be made. The important operational advantages for these studies of 
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Figube 2 * Schematic diagram of belf contained pressure lecorder 

*1 Flexible rubber air resen oir 2 Equalizing tube, for equalizing pressure m reservoir and m water¬ 
tight box during raising or low ermg instrument o Safet> \ alv es w hich open w hen the pressure difference 
becomes so great that the pressure gauge might be damaged 4 Gauge connection 5 Pressure-sensitive 
element w hich measures difference betw een pressure of air in reserv oir and air m w atertight box 6 Recoid 
chart, driven b* clockwork 7 Slow leak 8 Rigid watertight box 

It is unfortunate, in our opinion, that the development of this instrument 
was discontinued, and that it is not available and m use today. 

For stations where a long series of observations is desired, the expense and 
delay of installing a suitable cable and shore-based recorder are often justi¬ 
fied. Instruments of this type have been developed by the Woods Hole 
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Oceanographic Institution, the Naval Ordnance Laboratory, the Admiralty 
Research Laboratory, Teddington, England, and the University of Califor¬ 
nia. 

Relation between spectrum of surface waves and spectrum of subsurface pres¬ 
sure disturbance . Harmonic analyzers have been built at the Admiralty 
Research Laboratory and at the Woods Hole Oceanographic Institution for 
the purpose of determining the spectral distribution of the total energy of the 
surface waves. Several steps are required for this determination. First, 
the harmonic analysis of the pressure-time record obtained by the subsurface 
pressure recorder over a representative interval of time (usually as 20 



Figure 3 Typical record obtained with self-contained pressure recorder 

to 30 minutes) must be made. Second, each ordinate on the curve represent¬ 
ing the spectral distribution of pressure fluctuation as a function of period, 
must be multiplied by a factor dependent on period, in order to determine 
the spectral distribution of the surface displacement. 

The first step should be perfectly straightforward, since the theory and 
design of harmonic analyzers have been well known for many years. How¬ 
ever, due to lack of resources and related causes, all of the early analyzers 
made at the Woods Hole Oceanographic Institution had serious shortcom¬ 
ings. They would not give the proper harmonic components for saw tooth 
and square waves on test records, and would not properly average the heights 
of pure sine waves of various amplitudes and periods drawn on test strips. 
We understand that an improved model will soon be available. 
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According to available information, the Admiralty Research Laboratory 
analyzer does not suffer from these difficulties and does give a good approxi¬ 
mation to a true Fourier analysis. 

The second point, that of multiplying the pressure spectrum by the factor 
cosh kh to obtain the spectrum of surface displacements, would have been 
passed by as apparent from the linearity of the equations, except that some 
workers in this field have questioned whether this factor should be intro¬ 
duced before or after the frequency analysis of the pressure fluctuation. 

Effect of nonrigid bottom on pressure and on velocity . Several independent 
lines of evidence indicate that the bottom does participate in the wave mo¬ 
tion to some extent, whereas all the equations which have been applied in 
wave studies are based on a perfectly rigid bottom. An effort should be 
made to appraise the importance of this effect. 

Operators of gravity meters placed on bottom in surveys of the continental 
shelf of the Gulf of Mexico find their instruments disturbed when surface 
waves are large, no matter how securely they are fastened to bottom or 
streamlined to decrease resistance to water flow. In his theory explaining 
the observations of Worzel and Ewing 1 on propagation of compressional 
waves in shallow water, Pekeris 2 showed that the participation of the bot¬ 
tom in the wave motion was equally as important as that of the water, and 
that in all areas investigated the bottom behaved like a liquid. From an 
excellent experimental investigation of the validity of the classical equation 

XSF Cosh kh, (1) 

A H h 

when AHs/AHh is the ratio of the pressure fluctuation near the surface to 
that at a rigid bottom at depth h, and k is the wave number 2 t/X, related 
to the period r by the equation 

2 _ 2t\ 

"“'■(t) <2> 

Seiwell 3 concluded that wave heights computed from equation 1 were too 
small by a factor 1.35. The authors investigated his published data to see 
if the factor 1.35 could be due to yielding of the bottom and found that ap¬ 
parently he had used the deep-water equation 


2w\ 

T 


(3) 


to relate period and wave number, instead of (2), and that the theoretical 
curves in his figure 1 were too high as a result. Use of equation 2 would 
apparently reduce his factor from 1.35 to about 1.18 for waves with period 
8 to 9 seconds* 


* Seiwell reported at the conference that the use of equation 3 was intentional, that it reduced the de¬ 
viation of his equations, and that certain considerations about transformation of deep-water waves entering 
shallow water Justified his choice 
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Figures 4 and 5 show the corrected curves for rigid bottom drawn through 
Seiwell's data for Bermuda and Cuttyhunk. In the extreme case of a non- 
rigid bottom, where the bottom may be treated as a liquid, it has been shown 
(Lamb 4 ) that the pressure fluctuation would fall off with depth h as 

er kh — l/[(t + tanh kh) cosh kh] (4) 

exactly as in a simple deep liquid. The curves labeled “nonrigid bottom” 
in figures 4 and 5, are drawn from equations 4 and 3, i.e., for the simple 
liquid case. It will be noted that Seiwell’s observed points in these figures 



Fiquke 4. Ratio of bottom to surface pressure fluctuations for Bermuda as observed by Seiwell. 

lie between the corrected curve for rigid bottoms and the curve for nonrigid 
bottoms, indicating that a correction for yielding of the bottom produces an 
effect in the right direction. 

Any yielding of the bottom sufficiently great to produce important effects 
on the pressure will effect, to a like extent, the velocity of propagation. De¬ 
spite the fact that few measurements of velocity exist, except those incidental 
to depth measurement in shallow water, where the law V = s/gh holds, the 
absence of reported anomalies in velocity is taken as evidence that yielding 
of the bottom is at most a second order effect for the types of bottom studied. 

In order to obtain quantitative data on yielding of the bottom, it is recom¬ 
mended that determinations of velocity and recordings with seismographs 
placed beside wave recorders be made. Until this is done, it is desirable 
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that wave recorders be balanced dynamically, so that they will not respond 
as seismographs. 

Wave measurements from submerged submarines The indention by Vening 
Meinesz of a pendulum apparatus capable of measuring gravity at sea in a 
submerged submarine gave, as a by-product, a measurement of the vertical 
acceleration of the submarine due to wave action, at every gravity station 
At the suggestion of Browne 6 , Vening Meinesz 6 added auxiliary pendulums 
which also measure the two components of horizontal acceleration due to 
the waves The group at Columbia University now making observations of 
gravity at sea under a contract with the Office of Naval Research, has added 
a sensitive pressure fluctuation recorder to the gravity equipment, thus tak- 



Figube S Ratio of bottom to surface pressure fluctuation for Cuttyhunk as observed by Semell 


ing the final step necessary to enable a submerged submarine to serve as a 
very excellent wave-recording station. 

If the submarine followed perfectly the particle motion of the water, the 
acceleration as recorded by the gravity pendulums would give a complete 
description of the wave motion at any depth where the submarine chose to 
operate, while the pressure recorder would show no evidence of the presence 
of waves. If, on the other hand, the submarine was unaffected by the wave 
motion, the pendulum apparatus would record no wave-induced accelera¬ 
tions, and the pressure recorder would respond like a fixed instrument at the 
same depth. In all records obtained in the last six months, there is excellent 
simultaneous data on accelerations and pressure fluctuations from which the 
amplitude and period of wave motion can be deduced. An example is shown 
in figure 6. 
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Figure 6 Simultaneous recoids of acceleration and pressure fluctuations obtained during a measurement 
of gravity at sea in a submarine 



In some observations, the course of the submarine has been circular, pro¬ 
ducing a Doppler effect, from which the velocity of propagation, the period, 
amplitude, and direction of travel of the waves could be observed, as shown 
in 3FXGOTE 7. 
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When more experience has been gained on the extent to which the sub¬ 
marine participates in the wave motion, it will be possible to make excellent 
wave observations from a submerged submarine using a pressure recorder 
alone. This will provide an extremely adaptable means for securing data 
on many difficult problems in wave generation and transmission. 

Propagation of Disturbances in Dispersive Media 

The splendid revival of activity in the study of surface waves, brought on 
by the problems of the last war and the resources made available for their 
solution, has caused a rapid growth in the literature of the subject. Much 
of the recent literature unfortunately suffers from blemishes of two sorts, 
misconceptions about some of the fundamental principles, and failure to give 
sufficiently explicit credit for ideas and results taken from the classical litera¬ 
ture. These shortcomings produce a disordered current literature which 
confuses the beginning student and repels the more seasoned. This situation 
will ultimately retard progress and should be remedied. The tedious and 
thankless task of discussing these flaws is undertaken with reluctance, only 
because they are being quoted and treated as the accepted doctrine on the 
subject. The principle misconceptions may be grouped into three types: 

1. Elementary descriptions of group velocity , as typified by the following 
quotation, from Bigelow and Edmonson 7 , “In the cases, however, of old 
swells that continue to run on ... the leading waves tend to die out, chiefly 
because their energy is expended in setting undisturbed water in motion, but 
partly because of the resistance of the air which the waves must displace in 
their advance. The next wave then takes the lead, and this process of re¬ 
placement continues progressively. Each wave then takes up the energy 
which was left behind by its predecessor and in turn leaves some of its own 
energy to be taken up by the next wave.” This explanation was evidently 
not intended to be sufficiently general to cover cases of dispersion, such as 
flexural waves in a sheet or rod, where group velocity exceeds wave velocity, 
new waves appear at the front of an advancing group and disappear at the 
rear, and energy is propagated faster than the individual crests. In addition, 
the concept of group velocity depends solely on the dispersive nature of the 
medium and is quite unrelated to energy loss due to the resistance of the air 
or still water. 

2. Velocity at which energy is carried forward , as illustrated by the following 
quotation, from “Breakers and Surf,” 8 “According to the wave theory only 
a fraction of the wave energy is carried forward with the wave form, that is, 

with the velocity C. Let this fraction be called n _ The numerical 

value of n approaches $ in deep water and approaches unity in shallow 
water.” Similar statements appear in Sverdrup and Munk 9 and in “Wind 
Waves and Swell.” 10 This statement is evidently based on the idea that it 
makes no difference if one chooses to say that half the energy travels with 
the phase velocity rather than that all of the energy travels with half the 
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phase velocity, that is, the group velocity. The weakness of this unorthodox 
view is apparent when one considers measuring the time required for waves 
of a given period to travel from an impulsive source to a recording station 
at a given distance. 

3. Relation between recorded period and period of the underlying spectrum , 
as illustrated by the following quotation from Munk 11 , “The formulation of 
the problem depends on whether one deals directly with the physical defor¬ 
mations of the transmitting medium, such as we have done, or whether one 
considers a spectrum of the underlying constant-period wave systems, as in 
the Cauchy-Poisson analysis. In the first case, one deals with the recorded 
period, representing the time interval between two successive maxima or 
minima at a fixed point. In the second case, one deals with component 
periods which are found by generalizing a given portion of a record into a 
Fourier integral. In the first case, wave periods increase; in the second case, 
they remain constant.” Elsewhere in the same paper: “It is important to 
note that the underlying wave system is not in any simple manner discerni¬ 
ble in the recorded waves and may indeed be regarded as a mathematical 
abstraction.” These conclusions are reaffirmed in Munk. 12 

These quotations are from a discussion written to explain the well-known 
increase in period of waves propagated over long distances. It purports to 
demonstrate that a shift in spectrum from short to long periods occurs solely 
as a result of propagation in a dispersive medium where the individual waves 
increase in period and velocity, without any dependence upon selective at¬ 
tenuation. It has long been recognized that, in the orderly sequence of 
waves set up on the surface of deep water by a localized impulse, the indi¬ 
vidual waves all increase in length and period. All students have agreed 
that, in the absence of dissipative losses, the energy associated with each 
value of the period (in other words, the spectrum) remained constant during 
transmission, and that the energy was propagated with the group velocity 
appropriate to the given value of period. The authors consider it valid to 
represent the forces that generate waves and swell as a summation of local¬ 
ized impulses, and to hold that, in the absence of dissipative forces, there will 
be no shift in spectrum. As far as the authors can judge, Munk’s question¬ 
able theories about the increase in period of swell do not enter in any way 
into his excellent method of tracking storms, which should be judged on its 
own merits. 


Proposed Investigation of Swell and Microseisms 

The authors have presented a theory of the generation and propagation 
of microseisms (Press and Ewing 18 ) based on the normal mode propagation 
of sound in two layers, as developed by Pekeris 2 . The theory indicates the 
possibility of investigating the geology of the ocean bottom from microseism 
observations, and suggests several lines of observation to be undertaken. 

Since many problems about generation and propagation of swell can be 
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better solved by numerous simultaneous observations on a single storm than 
by a few observations on numerous storms, it is proposed that all agencies 
studying this subject cooperate in an extensive field season for the fall of 
1949 or 1950. It is suggested that at least a dozen installations of portable 
wave and microseism recorders be made on the mainland and on islands to 
obtain data on all hurricanes passing through the selected area during that 
season. It is possible that a few key stations, where islands are not available, 
could be occupied by submarines or surface vessels, if suitable instruments 
are developed in the meantime. 

This investigation would be greatly simplified if self-contained pressure 
recorders were available by that time. 

The inclusion of microseismic studies in this proposal seems natural be¬ 
cause of the common origin of the two types of disturbance, and the fact 
that the same personnel can operate both installations. 
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THE PROPAGATION OF SMALL SURFACE 
DISTURBANCES THROUGH ROTATIONAL FLOW 


By PHILIP DUNCAN THOMPSON* 

ONR Meteorology Project , The Institute for Advanced Study , Princeton } Nero) Jersey 

In the past few years, practical techniques based on the results of wave 
refraction analysis have been developed for predicting destructive wave 
energy along shorelines. Concentration of wave energy (as, for instance, 
the focusing of light) is for the most part due to refraction or variation of 
phase speed through a nonuniform medium. The argument supporting 
those methods presupposes that waves which undergo slow changes in form 
behave like waves of permanent type. As these “quasi-permanent” waves 
travel shoreward through still water of decreasing depth, their speeds are 
adjusted to fit that depth according to the classical theory of shallow- 
water waves. Thus, the configuration of wave fronts and the resulting con¬ 
centration of wave energy depends entirely, apart from the original proper¬ 
ties of the waves, upon the topography of the bottom near shore. 

In reality, however, the oceans are never quite at rest, and the assumptions 
underlying the shallow-water theory, since they are not wholly realized, 
should be reviewed with regard to wave refraction. The motions of the 
medium itself (i.e., of tidal currents or streams driven by horizontal varia¬ 
tion of density) are reflected in the phase speed. Waves imbedded in a 
uniform current travel as still-water waves relative to the current itself, 
but at somewhat different speeds relative to the Earth. If the current is 
not horizontally uniform, the wave speed varies accordingly and distorts 
the wave fronts in a refraction pattern. Minute deviations from the still- 
water phase speed may play a significant part in refraction, simply because 
they are summed up over finite intervals of time. 

Aside from that, all ocean currents are in some degree nonuniform from 
the surface downward. Indeed, owing to the shear induced by friction be¬ 
tween water and bottom, the motion of shallow currents is essentially rota¬ 
tional. The theory of irrotational waves might therefore be expected to 
fail worst in the circumstances which, as they concern wave refraction, are 
most critical. For these reasons, it is perhaps worth while to develop a 
theory of rotational waves, if only to compare the phase speed of waves in a 
shallow current with that of the corresponding irrotational waves in still 
water. 

The foregoing remarks are intended only to suggest a rather obvious appli¬ 
cation which might justify a theory of rotational waves, and no attempt will 
be made to answer the questions of wave refraction. This paper deals with 
the propagation and, more specially, with the phase speed of small periodic 

* The author is indebted to Hr. Gilbert Hunt, ONR Meteorology Project, for valuable suggestions and 
discussions of tM« problem, and particularly for pointing out that the depth parameter enters the limiting 
values of phase speed through the Schwar* inequality. 
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disturbances traveling through a current whose initial, undisturbed motion 
is rotational. A method analogous to “fairly shallow water” theory is pro¬ 
posed for finding approximate values of the wave speed in rotational flow. 
That method represents a solution by a finite series of functions whose coeffi¬ 
cients are ascending powers of the wave number, and consequently applies 
best to long waves. 

Several examples of rotational wave motion have been given by Gerstner 
(Lamb 1 ), Rankine, and in this monograph by Abdullah, but there appear to 
be few special instances which admit of exact analysis and very few state¬ 
ments that can be made about the problem as a whole. It is possible, how¬ 
ever, to establish the limiting values of the phase speed of rotational waves 
and to relate them to the speed of the irrotational waves which have been 
the subject of many earlier and, by this time, classical investigations. 

The Boundary Value Problem 

In reviewing briefly the theory of irrotational waves, consider motion in 
the two dimensions normal to a wave front. By cross-differentiating the 
equations of motion, pressure may be eliminated to reduce the system to two 
kinematic equations. One of these simply states that no element of fluid 
suffers dilatation—which is to say, water is incompressible—and the other 
asserts that the vorticity of any element must remain forever the same. If, 
in particular, wave motions originate in the state of rest or, more generally, 
in a state of irrotational motion, the latter implies that those motions are 
irrotational everywhere and at all times thereafter. This is the most con¬ 
venient case, for the Cartesian components of potential flow satisfy the 
Cauchy-Riemann equations. The theory of functions, which deals ex¬ 
clusively with such special variables, is highly developed and accessible, and 
the boundary value problems that arise in the theory of irrotational waves 
are not altogether unfamiliar. 

On the other hand, if the waves originate in a state of rotational motion, 
this reduction is no longer available, and we are forced to seek more general 
solutions of the vorticity equation. It is worth mentioning that, provided 
the waves are of permanent type, the first integral of the vorticity equation 
is 

vV = F[cz + if/(x — ct , s)] 

Here ^ is the stream function; c } phase speed; z, the vertical dimension; x, 
the horizontal dimension; and t is the elapsed time. There is at least one 
nontrivial problem—wherein the arbitrary function F is linear—which may 
be resolved further, but the choice is too limited to be of much physical in¬ 
terest. Furthermore, the free surface condition on wave motions of finite 
amplitude is nonlinear, and it seems certain that the boundary value prob¬ 
lem is more difficult than corresponding problems in the theory of irrota¬ 
tional waves. Rather than to linearize only the boundary conditions, it is 
reasonable to resort to the method of small perturbations from the very 
outset 
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Before going on to the linear perturbation equations, we shall first con¬ 
sider the undisturbed state of a current, limitless in its horizontal extent 
and bounded at the bottom by a horizontal plane. The initial, steady 
state of the current is characterized for simplicity as follows: 

(1) U , the horizontal component of velocity in the x direction, depends 
only on z, the vertical coordinate. 

(2) Both the horizontal component of velocity normal to the x direction 
(or y component) and the vertical component are initially zero. 

(3) The initial pressure P depends only on the vertical coordinate, but 
varies such that the undisturbed current is in hydrostatic equilibrium. 

(4) The undisturbed free surface is horizontal. 

It remains to show that this state is physically consistent. First, the veloc¬ 
ity of any material element is the same from one moment to the next, which, 
with the equations of motion, implies that there can be no net force acting 
to effect changes of velocity. The latter is true by supposition, for the un¬ 
disturbed current is in hydrostatic equilibrium. Next, the volume filled 
by any particular mass of water—that is to say, the density—remains un¬ 
changed. Finally, because the motion is horizontal, no mass flows through 
the rigid lower boundary or through the free surface. The pressure at the 
free surface is constant, of course, and therefore satisfies the dynamical 
condition of continuity. These arguments are sufficient to show that the 
undisturbed state is physically possible. 

Suppose the current were disturbed by a train of very low waves traveling 
in the x direction, so that the resulting values of pressure and velocity differ 
but little from those which characterize the current in its undisturbed state. 
It is reasonable to believe that the motions at any two points on the same 
wave front are alike—whence, in other words, the state of the fluid is inde¬ 
pendent of the y coordinate—and, furthermore, that there is still no compo¬ 
nent of velocity in the y direction along the wave fronts. In a manner of 
speaking, the disturbed current is a two-dimensional fluid lying in an (x 7 s) 
plane normal to the wave fronts. 

If the wave disturbance is sufficiently small, the nonlinear terms in the 
equations of motion and in the equation of continuity are small beside the 
linear terms, and may be omitted in the limit. Taking the initial condi¬ 
tions into account at the same time, the linearized equations which govern 
the motions of the disturbed current may be written in this form. 

»i"+-r m 0 (1) 

p OX 

1 dp 
p dz 


+ V — + 
Bt dx 


dt dx 


du , dw 

A ' A O' 


0 
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The perturbation variables u } w, p represent infinitesimal deviations from 
the values of horizontal speed, vertical speed, and pressure in the undisturbed 
state. The primed quantities have been differentiated with respect to z, the 
height; p is the density of water, which is supposed to be homogeneous. If 
we now consider only waves of permanent type traveling at constant speed 
e, local variations with time are explicitly related to variations along the 
horizontal. After cross-differentiating the equations of motion, u and p may 
then be eliminated by substitution to obtain the linearized vorticity equa¬ 
tion. 

(U — c)Vhv = U"w* (2) 

At this point, we may verify that, if the current were initially at rest, both U 
and U n vanish and the differential equations reduce to Laplace's equation, 
as they do in the Airy theory of irrotational waves. 

To state the physical problem completely, we have yet to formulate the 
boundary conditions. In the first place, any particle immediately adjacent 
to an impermeable boundary must remain so and, in the present instance, 
since the bottom is horizontal and rigid, the motions of the bottommost 
particles are also horizontal. If the origin of the vertical coordinate is 
chosen to lie at the bottom, the lower boundary condition is 

M*-o = 0. (3) 

There are two boundary conditions to be satisfied at the free surface. 
One simply states that the pressure on the lower side of the free surface is 
equal to the atmospheric pressure on the other side. Since the latter is 
sensibly constant, we may calculate the pressure at the height of the undis¬ 
turbed surface. To the present order of approximation, the water contained 
between the disturbed free surface and the height of the undisturbed free 
surface is in hydrostatic equilibrium. 

[P + p]*-B « P* + 

where H is the constant depth of the undisturbed stream; P 9 is pressure at 
the free surface; g, the gravitational constant; and £ is the elevation of the 
disturbed free surface above the height of the undisturbed surface. Now, 
P(z, E , i) and P a are constant and equal by definition, and 

1421 = s a i. 

Lp dx Ji —H 6 dx 

But there is a second condition on the slope of the free surface, for it is al¬ 
ways composed of the same sheet of particles. To an observer traveling 
with the waves, the topmost particles appear to move along the free surface, 
whence 

sr r v 1 
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Finally, inserting this information in (1), the equation of motion in the a; 
direction, the condition equivalent to that at the free surface is 



To simplify matters further—although more general solutions may be 
found by separating variables—we shall confine our attention to periodic 
waves or, in other words, to solutions of the form 

w — Z sin vx. 

The new variable Z depends only on z, the height; v is the wave number of 
the periodic oscillation. The circumstances under which w is a solution of 
the linearized vorticity, equation 2, and satisfies the boundary conditions 
(3) and (4) are given in the following. 


Z" = 


(5) 


VLo = o 

(6) 

[(tf - c)Z' - 

i. U ' + V- «) z ]_ - °' 

(7) 


The whole question has thus been reduced to a two-point boundary value 
problem in ordinary differential equations. The problem is this: given U(z), 
the distribution of undisturbed flow in a current of depth H, and given the 
wave number of a small periodic disturbance traveling through it, for what 
characteristic values of c does Z(z) satisfy equations 5, 6, and 7? Those 
values are the physically admissible speeds at which such waves may travel 
through the current. 

Simple Examples of Rotational Waves and Remarks on Multilayer Methods 

Having stated the problem at some length, we shall first find the simplest 
and probably, with regard to practical application, most useful rotational 
wave solutions. These examples, which have been mentioned earlier by 
Haurwitz, 2 will also serve to illustrate a multilayer method for finding the 
approximate values of wave speed through a current in which the distribu¬ 
tion of undisturbed flow is arbitrary. If the shear in the undisturbed cur¬ 
rent is constant, the coefficients in the linear equation S are constant and 
the solution can be found by quadratures. 

Z = A sinh vz + B cosh vz. 

However, B must be zero, in order that the vertical component of velocity 
vanish at the bottom, as required by condition (6). The characteristic 
values of the phase speed are fixed by imposing the free surface condition 

( 7 ). 
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In the special case of irrotational flow— i.e., when U* vanishes—the quadratic 
frequency equation does in fact yield the speed of irrotational waves. 


c = U ± 


Vi 


tanh vE 


Thus, the phase speed of waves in a current whose shear is constant differs 
from that of irrotational waves, depending on the magnitude of the shear. 

Actually, it is rather improbable that the shear in a shallow stream is con¬ 
stant throughout. What is more likely, friction-induced shear is great next 
to the bottom and small near the surface. Suppose that the shear is con¬ 
stant below some definite level and vanishes above, suffering a sharp dis¬ 
continuity at the level itself. To resolve the two-layer problem, however, 
we must first establish rules for integrating across the point where U" is 
undefined—that is, for piecing separate solutions together at that point. 
The necessary information is contained in the statements that pressure and 
vertical speed are continuous across the shear discontinuity. Since pressure 
is continuous, the integrated pressure difference between two points on the 
shear discontinuity must be the same, whether the path of integration lies 
wholly on one side of the discontinuity, or whether it lies wholly on the 
other. This, with equation 1, implies that 


[(U - c)(Z* - Z[) - ZiiUl - U[)]^ - 0 

[Zi Z\\tmmD = 0 . 


( 8 ) 

(9) 


The subscripts 1 and 2 refer to conditions below and above the discon¬ 
tinuity, which is at height D above the bottom. In the present case Uz 
vanishes. 

The differential equation 5 may be integrated within the interior of each 
of the layers above and below the surface of discontinuity. 

Z\ = A \sinh vz + B\ cosh vz 


Z 2 = Az sinh vz + Bz cosh vz . 


Again, B\ vanishes. The constants Az and Bz are fixed by conditions 
(8) and (9). The value of Ax is immaterial. Since all the conditions are 
linear homogeneous, .li occurs in the characteristic equation only as a non¬ 
zero factor. Finally, we may find the characteristic values of phase speed 
by imposing the free-surface condition (7) on Z 2 . 


£v(Z7 — c) % cosh vz — Ux(U — c) sinh vD cosh v(z — D) 


—g sinh vz 


+ 


gU’x 

v(U ~ c) 


sinh vD sinh v(z 



0 . 


This equation, which is cubic in (U — c), can be solved explicitly only after 
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considerable labor. However, something about the nature of the roots may 
be discovered by inspecting its behaviour as U[ becomes small. First, if 
U\ is zero, the characteristic values of the phase speed are those of irrota- 
tional waves traveling upstream and downstream. Also, as U[ becomes 
small, the term of zero degree vanishes and the remaining root approaches 
zero. For reasonably small values of U[, the conjugate roots are opposite 
in sign, whence we may infer the sign of the third root. If, for instance, 
U\ is positive, the product of the roots must be negative, and the third root 
is positive. The reverse is true, of course, if U[ is negative. The results of 
this estimate are twofold: first, a weak shear discontinuity introduces an 
additional characteristic value in the neighborhood of the current speed at 
that discontinuity, and second, the distribution of vertical speed correspond¬ 
ing to that value is extremely sensitive to small variations of the characteris¬ 
tic value. 

Since the methods for handling two-iayer problems can be extended to 
apply to any number of layers, it is natural to represent an arbitrary profile 
of current flow by a sequence of short, connected straight lines. This 
measure is dictated by reason as well as convenience, for our observational 
knowledge of the distribution of flow is of precisely this kind. In brief, the 
method is this. Imagine that the undisturbed current is composed of a 
number n of thin horizontal layers, separated by (n — 1) surfaces of shear 
discontinuity. In each of those layers the shear is constant and the solu¬ 
tion, except for the values of two arbitrary constants, is completely known; 
thus there are in all 2 n constants to be fixed. One of these is determined 
by the kinematic boundary condition at the bottom, and (2 n — 2) con¬ 
stants are fixed by (2 n — 2) conditions, similar to (8) and (9), at the (n — 1) 
surfaces of discontinuity. Finally, since it occurs in the characteristic 
equation only as a nonzero factor, the one remaining constant is clearly un¬ 
important; consequently the free-surface condition really contains no ar¬ 
bitrary constants and determines the phase speeds admissible under given 
conditions. 

Now, the degree of the characteristic equation increases with the number 
of layers, and we are faced with the problem of detecting which of the super¬ 
ficially admissible values of phase speed are real and which are spurious 
values introduced by fictitious and necessarily weak shear discontinuities. 
In the first place, if the shear is really continuous, the characteristic values 
in the range of the current speed are nonexistent—for, if they were not, 
equation 5 would imply that the vertical speed is somewhere discontinuous, 
which is impossible. Furthermore, because the artificial discontinuities are 
weak, the distributions of vertical speed corresponding to the spurious values 
are most sensitive to small variations in characteristic value. This property 
enables us to filter out, by increasing the order of approximation, the charac¬ 
teristic roots that have been introduced by the metho'd itself. 
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Long Rotational Waves 

The boundary value problem presented in eqimtions 5, 6, and 7 may be 
stated more concisely by introducing a nondimensional variable 




Z 

U — c 


The governing differential equation and the boundary conditions then reduce 
to 


(K4>y - (10) 

[K(j> r — g<l>]*-B =0 (11) 

[* U = o (12) 

where, for convenience, K = (JJ — c) 2 . The form of the differential equa¬ 

tion 10 suggests that its solution might be easily expressed as a summation 
of functions whose coefficients are ascending powers of the wave number. 
If the wave number is small— i.e., if the wave length is great—such a series 
is rapidly convergent. We shall suppose that the wave number is very 
small, small enough that the series solution may be terminated after the 
first two terms. 

<t> = #o + 

Now, since <t> is a solution of (10) 

My = o 
My - Kb 


However, the wave number is small by supposition, so that <t> is almost <j>o 
and 


— K<j> o. 

Thus, <j >o and <j>i may be found by successive quadratures, 
dition (12), 




3 


T 


Finally, the long wave solutions of (10) are 


Subject to con- 




dzi 

T 


As before, the characteristic values of phase speed are fixed by the free 
surface condition (11). 
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0. (13) 


To illustrate the way in which phase speed is determined by equation 13, 
we shall consider the special case of irrotational waves. In that event the 
shear is zero and U is constant; then K is also constant, and the appraisals 
may be made in finite terms. 


1 + v 


fdz f dzx-j-f dz-£ fdz fd: * f <fc 2 = 0. 
JO Jo A Jo A Jo Jo Jo 


Carrying out the indicated integrations and replacing K with its defined 
value 


(r - c ) a = g H 


i + 
i + 



If vH is small—that is to say, if the wave length is large compared with 
depth—then 


1 + 


(vEf 


1 + 


w 


- 1 - 


3 


(U - c)* - J [vH - 

The bracketed factor on the right is the sum of the first two terms in the 
series expansion for the hyperbolic tangent of vE, which converges rapidly 
when vH is small. 


c 


V ± 


tanh vE . 


This result is in accord with the classical theory of irrotational waves. 

If, on the other hand, the distribution of flow in the undisturbed cur¬ 
rent is arbitrary, we must resort to iteration methods for finding the 
characteristic phase speed. An ordered sequence of approximations 
Co, Ci, • • • , c t , • • • , c n may be calculated by Newton's method. The left 
hand side of (13), /(c), is first differentiated with respect to c, omitting 
from the derivative those terms of which the wave number is a factor, 
but retaining them elsewhere. This is justified, for, according to our hy¬ 
pothesis, the wave number is small. Next, c^i, the (i + l)st order ap¬ 
proximation to a zero of /(c), is built up from /(ci) and (d) by New¬ 
ton's method. Whether or not this method is successful depends largely 
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on the quality of the first approximation, about which the method it¬ 
self tells nothing. However, since the wave motions are irrotational in the 
first approximation, we might hazard a reasonable guess by choosing the 
speed of irrotational shallow-water waves. 


Limiting Values of Phase Speed 

The method outlined in the foregoing section applies, strictly speaking, 
only to periodic disturbances whose wave length is fairly large compared 
with the depth of the current. For aesthetic reasons, as well as to reassure 
ourselves that rotational waves cannot travel at speeds wholly unexpected 
from approximate results, we should prefer more general statements about 
the phase speed. It is possible, in spite of our inability to integrate the 
differential equation completely, to fix the limiting values of phase speed 
under rather general conditions. To show this, we shall first multiply both 
sides of equation 10 by <£ and integrate from the bottom to the height of the 
undisturbed free surface. 

f 4>(K4>')' dz = f v 2 K<t> 2 dz 
Jo Jo 

Because the integrand of the integral on the right hand side is never less 
than zero, the integral itself is never less than zero, whence 

jf <f>(K<t>'Y dz > 0. 


Integrating by parts 

[<t>K<p'Y z Jo — f A(<£ 7 ) 2 dz > 0 
Jo 

which, subject to conditions (11) and (12), becomes 

[g<t> 2 ]*~H — f K^ 1 ) 2 > 0. 

Jo 

Also, by reason of (12), 

g j^jT 4>’ dz J — dz > 0. 

Now, in virtue of the Schwarz inequality, 

B J“ Wf dz > 4? & J 

and finally, 

f (gH - dz > 0. 


(14) 
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For the sake of argument, let us now suppose that c is greater than 
(Uxaj. x + y/^H) . If so, then K, which is (U — U mix — y/gH—e) , is always 
greater than gH . But in that case, the integrand of (14) is always less 
than zero, which violates the inequality. The same contradiction arises if 
c is chosen less than (U m i n — \/ r gE). The physically possible values of 
phase speed must therefore lie within the range defined by the following 
inequalities. 

f imn VgE < c < r, 11IV + Vi# 

One already well-known result follows immediately from this inequality: 
the limiting speed of low irrotational waves is that of very long “shallow- 
water” waves. 

By imposing weak restrictions on the distribution of undisturbed flow, 
the maximum speed of waves traveling downstream may be related to the 
speed of irrotational deep-water waves. We shall suppose that U is a 
monotonic and, which is likely in reality, nondecreasing function of height. 
After multiplying both sides of equation 10 by the factor 2K<t> f , we shall 
integrate from the bottom to the height of the undisturbed free surface, 
as before. 

f dz « [ v 2 K 2 2<t><t>' </;. 

Jo Jo 

Integrating by parts, 

= frWES - v r AK 2 y dz 

Jo 

which, subject to boundary conditions (11) and (12), reduces to 

Wig - TK 2 )]^ = [(AV) 2 U - V 2 [ B <t>\K 2 y dz. 

Jo 

Finally, replacing K in the integral on the right hand side with its defined 
value, 

W - - KA>0*U - -t, 2 r - c)*r dz. (IS) 

Jo 

Now, let us examine the consequences of supposing that c is greater than 
(U m ax + Vg/v). In the first place, (U — r) 8 is ahvays less than zero, for 
(U — Um&x — A /g/v) is negative. By supposition, V is never less than 
zero. Taken together, the latter imply that the integrand of the integral 
on the right-hand side of (15) is never positive, and that the right-hand 
side itself is positive or zero. Iji other words, 
if 


C — (/max + y/ g/v + € 2 , 
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then 

W(£ - v 2 £*)U > 0; 

whence 

(j)* - [V - c)%^ > 0. 

This conclusion is obviously impossible, since, according to the very same 
supposition, 



Because the assumption tentatively adopted above leads to contradictory 
propositions, its negation is surely true. 

0 < Umsz + V?A- 

These results, though they tell little about rotational wave propagation, 
are exact and of more than casual interest, as they concern numerical solu¬ 
tion of the boundary value problem. If it is known that the characteristic 
values of phase speed must lie within a calculable finite range, there is cer¬ 
tainly no need to look further for values which can be tested only at great 
expense. 
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RECENT STUDIES OF WAVES AND SWELL 


By G. E. R. DEACON* 

Admiralty Research Laboratory , Teddington , England 

Generation and propagation of waves . The examination of wave spectra, 
obtained by submitting wave records to frequency analysis, shows that the 
mixture of waves generated in a storm comprises waves of all lengths up to 
a maximum which depends on the greatest wind strength. By comparing 
the measured times at which the different wave lengths begin and cease to 
arrive at a recording station, with the times (estimated from meteorological 
charts) at which they began and ceased to be generated in the distant storm 
area, it has been shown that the component wave trains behave independ¬ 
ently of each other, and each train advances across the ocean at a speed 
which is within 5 per cent of the theoretical group velocity appropriate to its 
period. The short waves are, therefore, overtaken and outdistanced by the 
longer waves, and the separation between them increases with distance. In 
an individual spectrum at a very distant recording station the swell covers 
only a narrow range of periods, and, after allowance has been made for the 
effect of the tidal streams in the coastal region on the apparent wave period 
as registered by a stationary instrument, it can be shown that the upper and 
lower limits of the narrow wave band decrease slowly and continuously with 
time. At a recording station closer to the generating area the wave band is 
wider, and it broadens rapidly toward shorter periods. 

The trend toward shorter periods can be used to estimate the distance of 
the generating area from the recording station, though a precise answer can 
be expected only when the generating area is small. For example, a band 
of swell of 18 to 20 seconds period appearing on spectra from the coast of 
Cornwall can be shown to have been generated in a hurricane off the coast 
of Florida; and bands of swell characterised by their very slow trend towards 
shorter periods, shown to have their origin in the stormy latitudes of the 
South Atlantic Ocean. The techniques used, and a theoretical basis to the 
work, are described in a paper by Barber and Ursell x . 

Effect of following winds . The deduction that waves of a particular period 
advance across the ocean at a speed which approximates very closely to the 
theoretical group velocity is based on the timing of swell from small, intense, 
storms at a great distance. Since such wave bands appear most plainly in 
the available spectra from the coast of Cornwall when no waves are arriving 
simultaneously from the eastern half of the Atlantic Ocean, there has been 
a tendency to select conditions in which the swell travels through relatively 
calm water. An attempt is now being made to time swell which travels 
through the eastern half of the ocean when this is disturbed by strong winds. 

* The work described In this summary is the result of dose collaboration between members of the Oceano¬ 
graphical Research Group at the Admiralty Research Laboratory, Teddington, and they are indebted to 
the Admiralty for permission to publish it. 
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l T p to the present, there are sufficient data to study the effect of following 
winds only, and although these would be least expected to retard the swell, 
they appear to slow it down by as much as 20 per cent if the gradient wind 
speed between the generating area and the coast averages as much as 40 
knots. There seems to be an approximately linear relationship between the 
reduction in the rate of travel of the swell and the square of the wind veloc¬ 
ity, which gives some indication that the retardation is due to increased 
turbulence in the water through which the swell travels. A graph showing 
the ratio of actual to theoretical velocities plotted against the square of the 
gradient wind speed is reproduced in figure 1 , but until further data have 
been examined and a suitable explanation has been found the result is viewed 
with some suspicion. 



frioLRt 1 Relation between the actual ^>eed and theoretical group \elocit> of swell traveling under 
the influence of following winds 


EffeJ of tidal i>trea})is, In the wave spectra from the coast of Cornwall, 
the slow and continuous trend toward shorter periods expected in a narrow 
band of swell from a distant storm is complicated by the superposition of a 
fairly regular oscillation of approximately =fc 1 second amplitude and 1 2\ 
hours period. It has been shown that this alternate lengthening and short¬ 
ening of the recorded swell period is caused by the tidal streams through 
which the swell has to travel on the last 20) miles of its journey to the coast. 
It can be shown that if the waves enter an area of slack water with velocity 
v, and the whole area begins to move with velocity u, then the velocity of 
the waves relative to a stationary observer will be v + u, and the wave period 
appears to be reduced by the factor v/v + u. The apparent reduction will 
be greatest if the waves enter the area at the time of maximum opposing 
stream, and pass the recording instrument six hours later. This is approxi¬ 
mately what happens with swell from the southwest at the time of greatest 
period reduction at Perranporth. An example is shown in figure 2. 

In a more general treatment of the problem, which is being prepared for 
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publication, N. F, Barber shows that the average length of the waves in 
a group expands or contracts at the same rate as the general surface of the 
water in which the group is moving, the changes in wave length being pro¬ 
duced by the expansion and contraction of the water surface. It follows 
that the change in apparent period will be proportionately small when the 
waves complete their passage through the tidal area in a small fraction of a 
tidal cycle, and the correction which must be made to the measured periods 
to obtain the true periods will be smaller where the tidal streams are weak 
and narrow. 

Up to the present, only narrow* bands of swell from distant storms have 
been examined for variations in period due to tidal streams. Similar varia¬ 
tions probably take place in all waves and swell crossing the tidal area, but 
they are not likely to be detected so easily nor to possess the same significance 
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Figuse 2. The maximum and minimum periods limiting a narrow frequency band due to swell from a 
storm area in the South Atlantic Ocean (after Barber. and Uasrxx). 

in swell which has just left the generating area, or in waves of local origin, 
because of other variations due to the changing character of the storm. 

Because of the long travel time and separation of the component wave 
trains of swell arriving at a very distant recording station, it can be expected 
that the measured height should be subject to only slow and continuous 
variations. The measurements from the coast of Cornwall show variations 
which appear too large and too rapid to be attributed to a distant cause, such 
as the variations in the storm area. Two examples, showing the measured 
height of swell from distant storms plotted against the time of arrival, are 
reproduced in figure 3. They give some indication of a 6-hour periodicity, 
and a numerical test shows a component at 6 hours and a smaller one at 12 
hours. Some fluctuation of semidiurnal period might be expected because 
of different refraction of the waves in shallow water at high and low tides, 
and also because inadequate allowance may have been made for the varying 
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depth of water over the recording instrument, but no satisfactory explana¬ 
tion has been found for the apparent 6-hour period. There is some indica¬ 
tion in the graphs that the greatest reduction of swell-height occurs at the 
time of maximum tidal stream at the recording station, and it is possible 
that the swell may lose energy in passing through an area of turbulent 
streams. The question is of some importance in connection with the use 
of swell recordings to study the generation of waves in distant storms, and 
a method is being devised to make continuous observations of the height of 
narrow bands of swell. 

Wave prediction . With a view to obtaining information likely to be of 
direct use in improving the methods of predicting waves and swell, attempts 
are being made to predict the wave spectrum on the coast of Cornwall. 



The width of the spectrum when waves are being generated by a rising 
wind suggests that the energy begins to be distributed over a range of wave 
lengths as soon as the waves are formed, some being communicated to the 
longer wave lengths before the shorter ones are fully energized. Each 
spectrum has an optimum band in which the waves are highest. Waves 
shorter than this optimum period are lower, presumably because they have 
a smaller capacity for absorbing energy without becoming unstable; and 
longer waves are lower, probably because their speed, which is nearly equal 
to that of the wind, allows them less opportunity of absorbing energy. A 
comparison of the wave characteristics and wind speeds shows that the 
period, in seconds, of the longest waves occurring in the spectrum has a 
numerical value approximately one third of the gradient wind speed, in 
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knots, in the strongest part of the storm. The period of the highest waves is 
approximately 25 per cent less than the period of the longest waves. These 
empirical rules appear fairly reliable for North Atlantic storms, but they 
may have to be modified for very small generating areas. Reasonable as¬ 
sumptions have been made about the effect of the wind on the wave charac¬ 
teristics, and of the capacity of individual wave lengths for absorbing energy 
as the wind strength increases, and for retaining it as they travel through 
and beyond the storm area. The resulting conclusions are being tested 
against the empirical rules and recorded wave spectra. It is hoped that a 
preliminary report will soon be ready for publication. 

Practical applications of swell recording . The results obtained up to the 
present in the United States and Great Britain make it possible to use swell 
recordings from a coastal station to estimate the strength of wind in the 
generating area, and its distance from the recording station. This indirect 
information is not likely to prove very useful in the North Atlantic Ocean, 
where there are plenty of meteorological observations, but it may be useful 
in the southern hemisphere, where many coasts are exposed to oceans from 
which little meteorological information can be expected. The existing tech¬ 
niques can be improved, particularly by the development of an instrument 
to record the wave spectrum at frequent intervals and of a method for 
measuring the direction of long swell while it is obscured by a pattern of 
shorter waves but, without any further development, they could be put to 
good use on coasts where communications and the transhipment of cargo 
are hindered on “swell days,” or at flying-boat stations from which the boats 
must take off before the swell grows too high. The installation of swell¬ 
recording equipment at such places would soon pay for itself, and make a 
useful contribution to local knowledge, and to the general study of waves 
and swell. 

The reasonable certainty of detecting an oncoming swell as much as 
twelve hours before it can be seen may prove to be useful as a warning of the 
approach of cyclones in places which have to rely to a large extent on local 
indications. In such an application, swell recording may not be able to 
compete with the microseismic direction-finding methods used by the 
United States Navy in the “Hurricane Project,” but for the time being,* it 
seems very important that the waves and microseisms should be studied 
together. 

Relations between sea waves and microseisms . The cooperation of the 
Superintendent of Kew Observatory has made it possible for wave records 
from Perranporth on the coast of Cornwall to be compared with simultaneous 
recordings of microseisms at Kew, a western suburb of London, Measure¬ 
ment of the records appeared to show such close agreement between the 
variations in wave and microseismic activity as to suggest that the micro¬ 
seisms are due mainly to wave activity in the coastal region, and not, to any 
appreciable extent, to the passage of cyclonic depressions over deep water 
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west of the British Isles. This result appeared contradictory to the findings 
of the Hurricane Project, which showed that in Puerto Rico, Cuba, and 
Florida the effect of wave activity in the coastal region was negligible com¬ 
pared with that of deep barometric depressions over the ocean. 

New light was thrown on the subject when it was found that the dominant 
wave period at Perranporth was double the dominant microseism period at 
Kew, and when it was observed that Bernard 2 had found the same relation 
between wave and microseism periods at Casablanca. Bernard suggested 
that microseisms may be produced in places where the interference between 
wave trains gives rise to standing oscillations, and Longuet-Higgins and 
Ursell, in a paper which is being prepared for publication, have pointed out 
that Miche 3 has shown that the average pressure on the sea bottom below a 
standing wave varies sinusoidally with twice the frequency of the wave, 
and with an amplitude which does not decrease to zero with increasing 
depth. Using the work of Miche, and expressing the problem more precisely 
than Bernard, Longuet-Higgins is preparing a new theory of the generation 
of microseisms in which the essential requirement is that there should be 
interference between waves of the same period traveling in opposite direc¬ 
tions, such as may result from the reflection of swell from a coast or the 
interference of waves generated in opposite quadrants of a cyclonic depres¬ 
sion. Where such interference takes place, the mean pressure on the sea 
bottom over the whole area varies with twice the frequency of each wave 
train, the amplitude of the variations being proportional to the product of 
the amplitudes of the separate wave trains. Such a theory affords a satis¬ 
factory explanation of how pressure variations, of the same period as the 
microseisms, can be produced over relatively large areas of the sea bottom, 
and it should stimulate further work on the relations between sea waves and 
microseisms. 

With such good reasons for believing the period of the microseisms to be 
so closely related to that of the waves, the problem of distinguishing the 
effect of a cyclonic depression passing over deep water west of the British 
Isles on the microseisms at Kew, in the presence of a stronger effect due to 
waves in the coastal region, resembles the problem of distinguishing swell 
from a distant storm in the presence of waves of local origin. If there is 
an appreciable difference between the dominant wave periods in the two 
areas, there should be a corresponding difference between the periods of 
the microseisms, and it should be possible to distinguish between micro- 
seismic waves from the two sources by submitting a seismograph record to 
frequency analysis. 

The small amplitude of the microseisms, as recorded by one of the estab¬ 
lished seismographs, makes it difficult to obtain a frequency analysis; but a 
method, using an automatic curve-follower 4 to reproduce the seismograph 
record in a form suitable for analysis, has been developed. An example, 
showing simultaneous wave spectra from Perranporth and microseism 
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spectra from Kew is reproduced in figure 4. Between 1200 hrs., 18 October, 
and 0500 hrs., 19 October, swell with a mean period of 10 to 12 seconds 
dominates the wave spectra and microseisms with a mean period of 6 to 7 
seconds dominate the microseism spectra. After0500 hrs., 19 October, there 
is a second band of microseisms with a mean period of 6 to 7 seconds, and 
the absence of a corresponding increase in activity in the wave spectra shows 


COMPARISON OF WflVE SPECTRA AT PERRAhPORTH WITH THE SPECTRA OF MCROSE1SMS 
RECORDED AT THE SAME TIME AT KEW 
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Figure 4. Comparison of wave spectra from the coast of Cornwall with microseism spectra from Kew. 

that the new band of microseisms cannot be attributed to new swell in the 
coastal region. It can, however, be attributed to wave activity in a depres¬ 
sion south of Greenland during the night of 18 to 19 October, since there was 
no other wind area capable of generating waves of 12 to 14 seconds period. 
The swell from the area south of Greenland began to arrive at Perranporth 
between 1200 hrs. and 1800 hrs., 20 October, and its arrival in the coastal 
region was the signal for a further increase in microseismic activity of 7 
seconds period, first apparent in the spectrum for 1300 hrs. The period of 
the highest waves arriving from the storm south of Greenland is approxi- 
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mately twice that of the microseisms. This example is not regarded as un¬ 
mistakable evidence that microseisms are generated in deep water, since 
those attributed directly to the storm area may have been generated in 
coastal waters near Greenland; but further work which is being done on the 
same lines appears more conclusive. It is perhaps worth noting that in¬ 
creases in the microseisms at Kew generally precede increases in wave height 
at Perranporth by about 6 hours, as though the microseisms were generated 
farther west than Perranporth. It is hoped that further details of this work 
by Longuet-Higgins, Darbyshire, and others were communicated to the 
assembly of the International Union of Geodesy and Geophysics in Oslo. 
It is believed that sufficient work has been done to show that the precise 
and comprehensive data necessary for a detailed study of the generation 
of microseisms can only be obtained if microseisms and waves are studied 
together, and to show that microseisms may prove to be useful in predicting 
swell. 
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SEA SURFACE ROUGHNESS MEASUREMENTS 
TN THEORY AND PRACTICE 


By H. R. SEIWELL* 

Woods Hole Oceanographic Institution , Woods Hole , Mass. 

Introduction. Although the physical characteristics of the sea surface 
have influenced the economy and livelihood of a large percentage of mankind, 
it is a subject which has rarely been investigated systematically. It is per¬ 
haps no exaggeration to state that catastrophic conditions of the sea have 
claimed as many lives and destroyed as much property as any other geophysi¬ 
cal phenomenon. However, regardless of its hazardous history, the sea 
surface is often regarded with a sort of mysticism as a natural phenomenon 
to be gambled with, rather than approached in an orderly systematic fashion. 
To some extent, a disinterested attitude toward marine scientific investiga¬ 
tions has arisen from an absence of ocean-mindedness and from a false secu¬ 
rity of this country’s isolation by the world’s oceans. Thus, industries 
frequently proceed from the standpoint of overcoming the natural forces of 
the ocean, rather than approaching them in a harmonious manner. 

The basic need in a general wave research program is systematic and ac¬ 
curate observations on the state of the sea surface. The present status of 
wave research is somewhat analogous to that of oceanic circulation a half 
century ago. At that time, there had been various special theoretical and 
experimental treatments of the distributions of mass in the sea, but sup¬ 
ported by inadequate field observations. It was not until the relatively 
recent compilations of basic temperature and salinity observations and their 
subsequent analyses, that definite progress has been made in the interpreta¬ 
tion of the ocean environment. Direct observations of the phenomena are 
essential to indicate the direction of theoretical research and to bring out 
new fields of investigation which ultimately become of practical importance. 

Our present knowledge of sea surface wave characteristics is far from ade¬ 
quate to solve problems of practical significance. For instance, reliable 
witnesses have on occasions reported seas as being in excess of fifty feet in 
height from crest to trough, and the literature suggests fantastic sea condi¬ 
tions in the regions of tropical storms. On the other side of the ledger, it is 
of interest to note that the highest wave measured by the German research 
ship “METEOR,” during three continuous years in the South Atlantic 
ocean, was about thirty feet. 1 These and other scientific observations sug¬ 
gest that reported wave heights are frequently exaggerated. The visual 
observations of individuals under duress do not have a high degree of reli¬ 
ability and the combination of wave frequency, steepness, and height con¬ 
tribute to an illusion of height alone. For instance, the coastal seas of New 

* Contribution No. 435 Woods Hole Oceanographic Institution. 
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England are notorious for roughness conditions during the fall and winter 
seasons. The wave heights automatically recorded during the autumn of 
1946 show that wave heights are not as great as may be inferred, and that 
combinations of wave height and wave frequency produce roughness condi¬ 
tions rather than wave height alone. Analyses of sea surface conditions in 
the vicinity of Woods Hole, during the autumn of 1946, show the most 
frequently occurring wave height to be of less than one foot, and an average 
wave height of 2.3 feet. Fifty per cent of the time the highest waves occur¬ 
ring in twenty minute sequences were less than three feet, and ninety-five 
per cent of the time less than fifteen feet. 

Sea Surface Roughness and Military Operations 

The absence of concrete data on the physical characteristics of the sea 
surface have resulted in a general inability to translate sea-surface conditions 
into operational or design situations, and a vagueness exists as to the limits 
of sea-surface conditions for operating various types of surface craft, as well 
as for other phases of maritime activity. In particular, this was brought into 
prominence by amphibious operations of the recent war. 2 Perhaps a clear 
idea of the situation may be brought out by brief reference to the invasion 
of the Normandy beaches in June 1944. The heights of waves on the assault 
beaches had been forecasted on board the Command ship (Ancon), for two 
days previous to the assault on June 6, and were transmitted directly to the 
staff of First U. S. Army. Observers on the beach at D-day verified that 
maximum wave heights in the off-shore debarking areas, and of surf on the 
target beaches, did not, in general, exceed 4 feet, as forecasted. Hence, the 
difficulties in carrying out the invasion plan because of adverse sea condi¬ 
tions were not the result of inadequate or erroneous advance information, 
but rather an inability to associate sea conditions to the details of the plan 
itself. In particular, sea conditions interfered with the timing of transfer of 
men and materiel from transports to small assault craft in the off-shore de¬ 
barking areas, and in the eventual time and locations of landings on the 
target beaches. The result was that the neatly prepared paper operational 
schedule broke down in practice. It is known that, for instance, infantry 
units committed to build up firing lines on the beaches actually arrived off 
schedule and took shelter among the enemy beach obstacles, in process of 
being cleared by engineer demolition teams. The cost in loss of life and 
materiel was excessive. 

A second example of a catastrophe during this military operation, which 
resulted from lack of adequate design to meet sea conditions, concerns the 
destruction of the artificial harbors and causeways off the Normandy coast 
during the storm June 19-20, 1944. These artificial structures had been 
erected, at great difficulty and expense, for the purpose of providing shelter 
for small surface craft engaged in the transferring of cargo from ship to shore 
during the critical period of the operation. However, it so happened that 
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two weeks after the initial assault, and at a time when the supply of American 
forces was critical, the installation was thoroughly destroyed by a storm. 
The loss of these structures seriously handicapped the continental military 
operations. 

It has become apparent to even the uninitiated that inadequate informa¬ 
tion on surface conditions played a costly role in amphibious operations of 
the recent war. Reports of military operations in coastal areas, now almost 
invariably decry the lack of adequate prelanding information, and, in 
general, the effects of sea-surface conditions on all phases of the operation 
had to be learned in the field—usually under adverse conditions. 8 

From June to November of 1944, at the time cargo and personnel were 
being transferred from ships anchored off shore to the open Normandy 
beaches, a local state of the sea forecasting service was in operation under 
the direction of the European Theater Military Oceanographer. 4 Some 
time after cargo operations had become stabilized, it was evident that the 
forecasting of impending sea conditions could be prepared in terms of the 
actual operation, that is, in terms of the feasibility of DUKWS and coasters 
to operate from transports to shore. 

Figure 1 illustrates the actual relationship of maximum cargo unload¬ 
ings in relation to height of surf on the Normandy beaches during October, 
1944. By using maximum values, tonnage drops resulting from delays in 
assembling craft and other uncontrollable factors are eliminated. During 
October, the available arrangement and equipment was such that, under 
favorable conditions, a maximum of 10,000 long tons could be discharged 
daily. Thus, figure 1 shows that surf heights up to one and one-half feet 
did not interfere with this maximum capacity. With greater surf height, 
cargo operations became difficult and for surf heights of three and a half feet 
the unloadings were reduced to about fifty-five per cent of the possible total. 
Surf heights between three and a half and four feet were critical. For the 
latter, total cargo unloadings of only twenty per cent efficiency were pos¬ 
sible. Above four feet, operations were impaired so severely that the high 
maintenance costs were justified only in cases where the supply of inland 
armies was critical. At six feet surf height, all cargo operations were forced 
to cease regardless of demand. 

The above simple relationship represents one of those things which, if it 
had been available during the planning stages of the Normandy operation, 
would have eliminated much of the guesswork and confusion regarding the 
supply of our inland armies. As it was, the initial elaborate plans for re¬ 
storing ports and harbors were later dismissed in favor of maintaining 
cargo operations across the original Normandy beaches until the beg inni ng 
of winter—something not thought possible before the invasion. 

These brief references to the military aspects of this picture are given 

* This author. Lt. Cot. Corps of Engineer Reserve. Then commanding 6812 Engine e r Technical Intelli¬ 
gence ^*”^1 
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because of the writer's practical acquaintance with the examples and because 
the results drive home the need for investigation of sea-surface character¬ 
istics When human lives are at stake, a high priority should he given to 
the investigation of those phenomena which have so clearly been demon¬ 
strated as controlling factors. 



0 1 Z 3 4 5 $ 7 

Surf Height on Beoches f (feet) 


tiGim 1 Observed relationships between surf heights and maximum daily tonnage discharged, Omaha 
Beach, Normandy, France, October l to 28, 1944 Drawn from data in Figure 2 “Military Oceanography 
in World War II *' 2 

Methods for Measuring Sea Surface Roughness Conditions 

Roughness conditions of the sea surface may be measured by three general 
methods, all of which were developed as a result of wartime oceanographic 
research. These are: (1) By matched pairs of overlapping vertical photo¬ 
graphs projected in stereo; (2) By evaluation of the state of the sea surface 
from wind patterns of past weather maps; (3) By automatic recording of 
pressure variations near the sea bottom. 
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The first method requires the use of specially equipped aircraft, including 
a mounted continuous strip Sonne Stereo Camera and a radio altimeter, to 
be operated by a trained pilot. Skilled interpretations of the resulting 
photographs are also necessary. This method, used with varying degrees 
of success during the war, served as an excellent check on trial forecasts of 
sea and swell. 

The method of determining sea surface roughness conditions from wind 
distributions over the ocean is the simplest and most rapid approach to the 
problem 4 . It is limited, however, by the uncertainty of empirical relation¬ 
ships between wind and sea, as well as by uncertainties in computed wind 
distribution patterns over the open oceans. Later, when empirical relation¬ 
ships of wind and sea are better established, this method will probably be of 
top priority. 

The method of evaluating sea-surface conditions from automatic record¬ 
ings of pressure variations near the sea bottom has been in use at the Woods 
Hole Oceanographic and other institutions. The instruments in use are 
discussed by the builder A. A. Klebba. 5 In my opinion, this method is, for 
the present, the most satisfactory available to provide urgently required 
basic data. Theoretically, the method is limited to the recording of pressure 
pulses of surface waves whose lengths exceed approximately twice the depth 
of instrumentation. However, regardless of this, the judicious installation 
of automatic underwater pressure recorders should have a high priority in 
that they are the only present means for providing state-of-the-sea-surface 
data under all conditions. 

To the above methods should be added one involving photographic record¬ 
ing of wave heights against a graduated pole, either anchored to the sea bot¬ 
tom or in the deep ocean, held in place by means of a deep baffle extending 
toward the downward limit of wave action. Motion-picture recordings of 
the wave profiles are later scaled for wave height and wave period. This 
method has been successfully used in water up to 125 feet deep by this 
institution, and during the present cruise of the ATLANTIS wave recordings 
are being made by the above deep-water method. The exact details of the 
ATLANTIS apparatus are not known, as it has undergone some modifica¬ 
tions while at sea. Essentially, it consists of a 30 foot pole, graduated in al¬ 
ternate black and white stripes, to which a long baffle is attached. After the 
pole is set adrift, timed photographic recordings on 16-millimeter film are 
made for 90-second intervals. Some recent results, obtained from the re¬ 
cordings in the North Atlantic are illustrated by figure 2. These data will 
be later analyzed with reference to prevailing wind distributions. 

Some Significant Results of Sea Surface Roughness Measurements 

The remainder of this paper is concerned with certain analytical results 
of sea surface wave data obtained from evaluations of underwater pressure 
instrument records, in order to review briefly some pertinent results to be 
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obtained from this type of information. The pressure-measuring elements 
were located, one off Cuttyhunk Island at a depth of 75 feet, and the other 
off Bermuda, at a depth of 120 feet (figure 3). In both cases, they were 
connected to onshore recorders several miles away. Because of installation 
locations, pressure pulses of wave lengths less than 150 feet at Cuttyhunk 
and less than 240 feet at Bermuda were not expected to be recorded. The 
operational schedule of the Cuttyhunk instrument, from July, 1946, to May, 





. Figuke 2. Results of measurements of sea surface roughness in the North Atlantic during ATLANTIS 
winter cruise, December, 1947. 


1947, was a continuous 20-minute recording every 6 hours; that at Bermuda, 
from February, 1947, to May, 1947, a continuous 20-minute recording every 
2 hours. The records (figure 4) were scaled for pressure wave heights and 
evaluated in terms of wave heights at the physical sea surface imm ediately 
overhead. 

Because with surface waves the downward acceleration of the water parti¬ 
cles below the crest counteracts the effect of gravity, and the upward accelera¬ 
tion of those below the trough adds to it, pressures are not perceptible at 
depths where orbital motion is imperceptible, regardless of surface wave 
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Figure 3b 

Locations of underwater pressure wave recorders at Cuttyhunk (3a) and Bermuda (3b). Directions 
of advancing surface wave fronts computed from differences in surface and bottom phase angles of wave 
components, as obtained from experimental observations on 27 June, 1046 at Cuttyhunk, ana 25 October, 
1946 at Bermuda. 8 

heights. Theoretically, the relation between surface (AP«) and bottom 
(A Ph) pressure fluctuations (at depth h ) is given by: 8 

A Ph 

A P. ' 
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wave length ’ 

The damping phenomenon is, thus, selective to the extent that longer period 
waves, frequently obscured at the sea surface, are generally recognizable 
in underwater pressure records. By the same token, shorter wave lengths, 
which do not exceed approximately twice the depth of instrumentation, are 
not recorded, regardless of their height. This fact calls for a judicious selec¬ 
tion of instrument sites, when measuring surface waves by the method of 
bottom pressure fluctuations. 

—* "" t 1 * . w 



r f » » 



Figuxe 4. Reproductions from parts of two underwater pressure wav e records obtained frorn the 
Cuttyhunk location on 14 June, 1946. Time ticks are for thirty-second intervals. Bottom wave heights 
computed from instrument factors and evaluated in terms of surface wave heights as described in text. 

The results given by the above equation are not in complete agreement 
with observations, hence the possibility must not be overlooked that other 
solutions may be discovered to satisfy the observed conditions. With 
this in view, a series of experiments was performed at both Bermuda and 
Cuttyhunk, whereby wave heights of the physical sea surface immediately 
overhead the underwater pressure records were photographically recorded 
for comparison with wave heights computed from instrument recordings by 
theory. It was found that, for both localities, better representations of sea- 
surface conditions were obtained when theoretical results were multiplied 
by a factor of 1.35. This factor is accepted only for the localities involved. 
It is doubtful, in view of the complex variations of natural conditions, if a 
universal factor is possible and, for the present, empirical relationships need 
be established for each locality from experiments in the field. Eventually, 
with accumulation of field results, other solutions will be discovered to 
modify existing wave theory so as to better satisfy observed conditions. 

In this connection, it is of interest to point out that many instances in the 


CUTTYHUNK SEA SURFACE 
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literature show observed conditions of wave action in coastal areas do not 
fit within the framework of existing shallow-water wave theory. During 
the war, it was particularly apparent to those engaged in producing recon¬ 
naissance intelligence that theoretical reductions of wave observations were 
not compatible with existing conditions. A specific example is the determi¬ 
nation of underwater depths from measured changes in the wave patterns 
of aerial photographs. Almost invariably, it was necessary to introduce 
empirical factors to take up discrepancies between computed and theoretical 



Figure 6. The state of the sea surface off Bermuda, February 12 to March 11,1947, as computed from 
two-hourly underwater pressure recordings. 


values. However, the basis for the revision of present wave theory and for 
the discovery of more suitable solutions depends on obtaining accurate ob¬ 
servations on the state of the sea surface itself. 

Examples of sea surface wave characteristics 6 at Cuttyhunk from June 
20 to July 30,1946, and for Bermuda from February 12 to March 11, 1947, 
are illustrated by figtjees 5 and 6. In these figures, average six-hourly sea 
surface wave heights, average highest one-third waves, and average bottom 
periods are shown. These data, when arranged in suitable frequency dis¬ 
tributions and subjected to standard statistical procedures, provide informa¬ 
tion on sea-surface characteristics at the two localities considered. The 
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prognostic usefulness is dependent on the extent to which the data are char¬ 
acteristic of usual prevailing conditions. 

Table 1 summarizes the seasonal statistical properties of sea surface 
roughness conditions at Cuttyhunk and Bermuda, based on analyses of more 
than 1600 twenty-minute records. The data show that seasonal changes in 
the state of the sea are reflected in the extreme, rather than in the mean 
conditions. Thus, at Cuttyhunk, while the mean wave height increased 
from 1.3 feet in summer to 2.3 feet in autumn, the heights of the highest 
waves increased from 16 to 22 feet. At Bermuda, the situation was similar. 
Mean wave height diminished from 1.7 feet in winter to 0.8 feet in spring, 

Table 1 

Statistical summary or Seasonal Sea Surface Properties for Cuttyhunk 

and Bermuda* 


Mean Wave Height 

Maximum Wave Height 

Mean Wave 
Period 
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Summer 
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Bermuda Wave Station 
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* Statistical summary of seasonal characteristics of sea surface roughness at Cuttyhunk and Ber¬ 
muda, computed from recording* of underwater pressure fluctuations. Wave heights in feet, periods in 
seconds; occurence figures in per cent. 


and the maximum wave heights from 17 to 7 feet. Results such as these 
permit estimates of expected regional operational conditions. 

The Growth and Decay of the Sea Surface 

An ideal solution to the practical problem of sea surface roughness would 
be one establishing statistical relationships between rates of change of sea 
surface wave heights and wave periods and the prevailing state of the sea. 
The data available do not permit this extensive analysis, in that the rela¬ 
tively few months comprise only single series of observations. Consequently, 
our results are valid only in so far as the single series of observations conform 
to near normal values for the months in question. 

The rates of change of wave heights were computed from the Cuttyhunk 
six-hourly and the Bermuda two-hourly records. In treating the general 
case, frequency distributions for the separate positive and negative rates of 
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change at each locality were formed. The statistical quantities describing 
them are tabulated in table 2. 

The situation demonstrated by table 2 indicates a remarkable uniformity 
in rates of growth and decay of sea-surface roughness. B oth are about equal, 
with an overall range up to 1.9 feet per hour. The most frequently occur¬ 
ring changes in sea surface wave heights are very small, about 0.05 feet per 
hour, occurring about 30 per cent of the time. Rates of change of sea surface 
wave heights occurring 50 per cent of the time do not exceed 0.12 feet per 
hour, and 75 per cent of the time do not exceed 0.25 feet per hour. At both 
localities, sea surface wave heights increased and diminished at approxi¬ 
mately the same average rate, namely 0.17 feet per hour. The rates of 
change of sea surface wave height in excess of one foot per hour occur less 
than 2 per cent of the time. It is apparent that only in exceptional cases 
does the state of the sea surface roughness change rapidly. 


Table 2* 



Cuttyhunk 

Bermuda 

T CJ 

AH 

A t 

T At 

AH 

At 

Mean 

0.16 

0.14 

0.18 

0.20 

Mode 

0.05 

0.05 

0.05 

0.05 

Probable error 

0.01 

0.01 

0.01 

0.01 

50 per cent occurrence 

to 0.08 

to 0.08 

to 0.10 

to 0.12 

75 per cent occurrence 

' to 0.19 

; to 0.17 

to 0.20 

to 0.25 

Maximum value 

1 1.5 

1.5 

1.9 

1.9 


* Statistical summary of rates of change of wave height (+ AH/At <*■ increasing; — AH/At — de¬ 
creasing, feet per hour) for Cuttyhunk (July 1946 to May 1947) and Bermuda (February 1947 to May 
1947). 


Interrelationships of Wave Characteristics 

A study of the data has brought out that, at both Cuttyhunk and Bermuda, 
higher wave heights are generally accompanied by lower wave periods and 
vice versa. Thus, at the former locality table 1, we see that increased 
mean wave heights from 1.3 feet in spring to 2.3 feet in autumn is accom¬ 
panied by diminished mean wave periods, from 8.6 to 8.1 seconds. Simi¬ 
larly, at Bermuda, where mean wave height diminished from 1.7 feet in 
winter to 0.8 feet in spring, the accompanying mean wave period increased 
from 9.6 to 10.1 seconds. This is the observed overall pattern. With the 
exception of occasional departures, higher surface wave heights and wave 
periods are similarly related. Thus, tigtoe 7 shows that relationships 
between rates of change in wave height and wave period, as derived by least 
square fits, are as follows: 


for Cuttyhunk 
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for Bermuda 
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The Determination of Operational Wave Heights from Average Wave Heights 

The situations discussed so far are based on mean wave heights for 2-min¬ 
ute intervals every 2 or 6 hours, as the case may be. Coincident with the 
computation of mean wave heights, the means of the highest one-third sur¬ 
face waves were also determined for each record. These latter values are 
termed *‘operational wave heights,” in that they better represent practical 
effects of sea surface roughness conditions than do mean values for all wave 
heights. The deduction is arbitrary, but from the standpoint of practical 
operations a somewhat better index of sea surface roughness conditions is 
provided. 



The data from both Bermuda and Cuttyhunk show a significant relation¬ 
ship between the average of all wave heights and the averages of the highest 
one-third wave heights. This is illustrated for Cuttyhunk (639 observa¬ 
tions) and for Bermuda (1022 observations) by figure 8. Independent fits 
of straight lines by least squares to both sets of data give identical results, 
thus: 


Mean of highest one-third waves = 1.57 X mean wave height 

Hence, it is reasonable to compute operational wave heights by multiply¬ 
ing the mean of all wave heights by the factor 1.57. However, as for other 
factors derived in this study, they are, for the present, considered pertinent 
only for the localities for which derived. It is considered too early to gen¬ 
eralize on the meager results of this and similar investigations. 

These and other interrelationships of sea surface wave characteristics 
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contribute to an understanding of the complex sea surface patterns, as well 
as indicating regularities of practical significance within the patterns them¬ 
selves. The few examples demonstrate that adequate field observations of 
the sea surface, when subjected to statistical analyses, will provide answers 
to many practical questions, as well as point the way to one phase of theo¬ 
retical research on'the sea surface. 

As a final example, a functional method for evaluating operational sea 
surface conditions for any locality and for contrasting these conditions over 



Figure 8. Relationship of average sea surface wave heights and average heights of highest one-third 
surface waves for Cuttyhunk (8a) and Bermuda (8b). Tne independent fits of straight lines by least squares 
to both sets of data give identical results, thus: Mean of highest one-third waves « 1.57 X mean wave height. 


the world’s oceans is outlined. Since its development depends on available 
sea surface data its present use is restricted to a few oceanic localities. 

From a practical standpoint, operational conditions of the sea surface 
may be considered as a function of wave height and wave period. Thus, 
in regions of permanently restricted fetch (as the English Channel), there 
is far less variability in operational conditions than in an area such as the 
Eastern American coast, where all wave frequencies within the wind gener¬ 
ating band are possible. A representation of operational conditions by 
combinations of wave height and wave period for the waters in the vicinity 
of Woods Hole, during the summer of 1946, is shown by figure 9. In this 
example, the various combinations of operational wave heights and wave 
periods into favorable, unfavorable, and conditional situations are with 
reference to small-boat work. The division is arbitrary and presented pri- 
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manly from the standpoint of a method. The boundaries of wave height- 
wave period combinations may be selected with reference to any type of 
operation on the basis of experience. Each figure in Part A, figure 9, 
represents the per cent occurrence of the wave height-wave period combina- 



Summary Sea Surface operating conditions in Percent of Tine, Cuttyhunk, 
Sumner 1946* Wave height (feet) ■ average highest one third wave during 
twenty minute intervals. Wave period (seconds) * average recorded at 
bottom. Small boat operating conditions: Favorable; bounded by solid 
lines; unfavorable; bounded by dashed linos* 


PART B 


LOCATION 

SEASON 

SEA 

SURFACE CONDITION 



Favorable 

Unfavorable 

Intermediate 

CUTTXHUNK 

Spring 

73 

13 

14 


Summer 

77 

12' 

11 


Autumn 

55 

51 

14 

BERMUDA 

Winter 

74 

11 

15 


Spring 

90 

1 

9 


Summary Sea Surfaoe seasonal operating conditions in Percent of 
Time at Cuttyhunk and Bermuda as computed from boundaries 
established in Part A* 


Figure 9. 


tion. Summing values within these arbitrarily selected zones gives the fol¬ 
lowing estimate of s umm er operating conditions: favorable, unfavorable, 
and intermediate operating conditions, 77,12, and 11 per cent, respectively. 

The extension of this scheme to the summer and autumn seasons for Cut¬ 
tyhunk and the winter and spring seasons for Bermuda, produces the sea¬ 
sonal operational summary of Part B, figure 9. This enables a comparison 
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of seasonal operational conditions, within defined boundaries. It shows 
that, for the Woods Hole region, the 75 per cent favorable operating condi¬ 
tions of spring and summer are reduced to about 50 per cent during the 
autumn. At Bermuda, the 75 per cent favorable operating conditions in 
winter increase to 90 per cent in spring. If the data were available, similar 
schedules for any type of marine operation could be established throughout 
the world, and much of the guesswork now characterizing operations of this 
type would be eliminated. 


Table 3* 



Cuttylmnk 


Bermuda 
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Spring 

Summer 

Autumn 

Winter 

; 
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Wave height 






Mean 

2.0 

2.2 

3.7 

2.6 

1.3 

Mode 

0.9 

1.2 

1.4 

1.2 

1.1 

Maximum 

16 

15 

22 

17 

7 

Wave length 






Mean 

381 

365 

337 

472 

520 

Mode 

325 

360 

233 

461 

444 

Maximum 

832 

900 

832 

1040 

1040 

Wave velocity 






Mean 

26.0 

25.5 

24.5 

29.1 

30.6 

Mode 

24.0 

25.3 

20.5 

28.8 

28.2 

Maximum 

38.6 

40.2 

38.6 

43.2 

43.2 

Wave steepness 

Mean 

i 

. .54 

.65 

1.16 

.55 

.25 

Mode 

.28 

.34 

.61 

.27 

.25 

Maximum 

8.7 

8.2 

12.0 

9.2 

3.8 
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observational data. Wave heights, (feet) *■ averages of highest one-third waves. Wave length (feet) » 
6.12 X (period) 1 . Wave velocity (knots) « 3 03 X (period). Wave steepness (percent) ■ wave height/ 
wave length; maximum values computed for six-second periods. 


Sea Surface Roughness Factors in Relation to Design 

So far, this discussion has been concerned with operational results of sea- 
surface analyses. However, the same basic data from which they have been 
derived also lend themselves to computations of the forces of waves and 
inertia exerted on the hulls of surface craft and fixed marine structures. 
These computations are of practical importance to the designer of surface 
craft and marine structures, although a closer coordination between the 
oceanographer and the marine designer is needed to bring out their full 
significance. There is a fundamental difference in the analyses of data, in 
that, from an operation standpoint, emphases are placed on the mean or 
average conditions, whereas for design, the maximum or extreme conditions 
play the prominent role. 

A computation summary of some relevant sea-surface properties signifi¬ 
cant to marine structure design is given in table 3. They serve as examples 
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of what may be computed from the basic data. For the region under con¬ 
sideration, it is of interest that the shorter and higher seas of fall and winter 
produce greater steepness values than at other times of the year. The 
maximum steepness values, although occurring rarely, are, for waves of 
800 to 1000 feet long, greater than generally allowed for in the stress compu¬ 
tations of marine craft design. The maximum wave lengths recorded are 
about three times greater than those most usually occurring. 

Conclusions 

Although observations on oceanic phenomena have been recorded since 
the dawn of history, the systematic investigation of the oceans is a young 
science. Some of the branches of oceanography, such as coastal tides and 
tidal currents have, because of their practical importance, been placed on a 
systematic basis years ago, and, as a consequence, are further advanced in 
both theory and practice. As far as sea surface waves are concerned, the 
numerous visual and often sporadic observations made from ships at sea 
have been useful for past objectives in providing pictures of general situa¬ 
tions, but are for the most part not usable for the precise analyses now re¬ 
quired for present operational and design trends. This was realized during 
the war, when the practical problems of military oceanography called for 
development of special wave recording instruments, as well as for special 
wave studies. With this impetus given to wave research, we have come a 
long way in our knowledge of sea-surface characteristics, and are in a posi¬ 
tion to formulate new lines of research pertinent to both scientific investiga¬ 
tion and industry. In addition, there is the benefit to problems arising in 
connection with the future defense of this country, it being significant that 
the historical inference of security from oceanic isolation is now no longer 
correct. The environmental problems of new types of coastal installations 
and the maintenance of world-wide lines of rapid communication add to the 
necessity for a program aimed at understanding the characteristics of the 
sea-surface layers. The knowledge gained from investigations of the last 
war is no longer adequate to present peacetime problems of either science 
or industry, because neither has stagnated. 

The practical application of results of wave research and the expansion of 
this phase of oceanography call for a closer coordination and cooperation 
between the oceanographer and the engineers and production personnel of 
industry. The separation in duties of the personnel involved requires that 
industry be advised by oceanographers with backgrounds of research, so they 
can envision future lines of research and not permit a stagnation at present 
levels. To keep abreast of an advancing science, the expansion of present 
oceanographic research facilities and personnel, such as can be accomplished 
by cooperation with industry, is essential. This requires bringing to the 
attention of industry such of the numerous present and future uses of results 
of oceanographic research as benefit their economy. 
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Sea surface wave research is an oceanographic subject which has been 
brought into the limelight as of great practical importance. It now remains 
to formulate adequately the scientific and practical problems to support a 
continuing progress. This paper has been concerned only with the practical 
analyses of results of field observations. From this viewpoint, the primary 
requirement is establishment, in the not too distant future, of a controlled 
program of field observations, located at strategic places throughout the 
world’s oceans. As the results of such analyses become available, we ap¬ 
proach a position enabling us to forecast and provide prognosis for areas 
where direct observations are obtained only with extreme difficulty, and 
where, as has been demonstrated in the past, they will undoubtedly be 
required in the event of another world emergency. 
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Discussion of the Paper 

Dr. Kenneth S. M. Davidson {Director, Experimental Towing Tank, 
Stevens Institute of Technology , Hoboken , N . /.): 

I am interested in the seakeeping qualities of ships. This is a broad sub¬ 
ject, and one on which there exists little authoritative information, despite 
its great age. 

It has become increasingly clear to me that much depends upon establish¬ 
ing close ties between research in oceanography and in naval architecture. 
The naval architect needs to know more about the nature of the sea surface 
to which ships have to accommodate themselves, and the oceanographer 
needs to know more about the sea surface for many other reasons as well. 
It is natural, therefore, that the two should combine forces. They are feel¬ 
ing their way at the present time, and are in the very early exploratory 
stages of cooperation. The naval architect does not quite know what ques¬ 
tions to ask the oceanographer, and the oceanographer does not quite know 
what questions to ask the naval architect. They do not yet know how to 
cooperate to mutual advantage. 

The naval architect still represents rough water by a singla tra in 0 f regular 
trochoidal waves. This simplification has worked out fairly well, and, to 
the extent that there is usually some sort of “predominant” wave train in 
any actual seaway, as I gather the oceanographers admit, Mams to be justi¬ 
fied as a first approximation. In any event, it has been put to good use in 
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studying such things as, for example, the rolling of ships in beam seas. On 
the other hand, it is obviously inadequate as a basis for a full understanding 
of even a simple motion of this sort. Consider: the damping in roll of ordi¬ 
nary ships not equipped with mechanical stabilizing devices corresponds to 
amplification ratios (roll amplitude/maximum wave slope), at resonance, 
that lie within a range of something like 4 to 20. Now, there is no evidence 
that an amplification ratio of the order of 20 means an unsafe ship at sea, 
as would surely be the case if resonant wave encounters persisted for suffi¬ 
cient time to allow the amplitude in roll to build up. Neither is there good 
quantitative evidence of improvement (or otherwise), if the amplification 
ratio is materially reduced, by increasing the damping. Evidently, then, 
the irregularities of actual sea waves must play a big part in determining the 
rolling behavior of ships. 

This is not a very profound conclusion, perhaps, and it has certainly been 
suspected many times. The question is what might conceivably be done 
about it. One answer that suggests itself readily enough is to undertake 
a much more searching dynamic analysis of rolling than has yet been at¬ 
tempted, employing detailed contour maps of the sea surface, perhaps like 
those of Schumacher (Meteor Expedition). One would want to be sure of 
using “typical” maps and to have a clear view at the start of their relation 
to representative weather conditions. This means that the oceanographer 
probably ought to select them as well as provide them. 

There are, of course, other ways of studying rolling, and I do not wish to 
be understood as recommending this one especially. The point I want to 
make, is simply, that if anything new is to be learned about rolling, the ir¬ 
regularities of actual sea waves will almost certainly need to be taken into 
account. There is no doubt in my mind that this is equally true of all other 
motions of ships in a seaway, as well as of the forces and stresses imposed 
on the ship structure. 

I have dwelt upon the need of the naval architect for detailed information 
regarding the character of the sea surface in the immediate vicinity of a 
ship, because recent oceanographic studies seem to have emphasized mainly 
the overall aspects, like mean dimensions of waves, probabilities of occur¬ 
rence, etc., and to have paid little attention to detailed aspects like wave 
configurations. I do not mean to imply that the naval architect is not 
interested in the overall aspects. He is, but he needs something more. 
Figure 1 of Mr. Seiwell’s paper poses the question fairly. By presumption, 
the curve on this chart will be shifted bodily toward the right as designs are 
improved. To improve designs will not be easy at best, but it will be much 
harder unless a better knowledge is gained of operating conditions, in con¬ 
siderable detail. 

There is much to be done. As matters stand at present, a free interchange 
of views between research groups in naval architecture and in oceanography 
is probably the most important single step that can be taken. 



A COMPARISON BETWEEN RECORDED AND 
FORECAST WAVES ON THE PACIFIC COAST* 

By JOHN D. ISAACS and THORNDIKE SAVELLE, JR. 

University of California , Berkeley, California 

History is replete with records of damage and havoc wrought by waves 
generated by storms at sea. The affairs of men and nations have often been 
affected by the loss of ships or entire fleets. In ancient times, Xerxes’s 
fleet of 300 ships and 20,000 of his men were lost in a storm off Mount 
Athos. Shortly afterward, his bridge of ships across the Hellespont was 
destroyed by storm waves, and Xerxes ordered that the sea be given 300 
lashes. The entire course of history was affected by the scattering and 
partial wrecking of the great Spanish Armada in a storm. More recently, 
the efforts of the Allied forces were seriously hampered when a part of the 
preparations for the Normandy beachhead was destroyed by sea waves. 
The lives and thoughts of many men have been devoted to the study of the 
vagaries of the sea, to the calm and violent moods of sea and surf. Great 
concentration of investigation was given to wave theory and the prediction 
of wave conditions during the war, when a knowledge of sea conditions was 
essentially indispensable for the success of amphibious landings and the 
transportation of forces to frontal zones. In peace, however, the im¬ 
portance is as great. In times of heavy seas, ocean commerce is seriously 
disrupted, many harbor entrances become impassable, fishing operations 
are suspended and shore installations, piers, homes, and breakwaters are 
frequently destroyed. These heavy seas do not necessarily accompany 
local weather disturbances. Thus, their occurrence is not indicated in 
local weather forecasts, and they may arrive without warning. Navigators 
have, therefore, had no opportunity to shape their courses and arrive at 
havens before the entrances become impassable. R. S. Arthur has pointed 
out that the destructive storm waves which reached the islands of the 
Hawaiian group on January 2-5, 1947, and which caused damage esti¬ 
mated at between one and two million dollars, could have been forecast 
24 hours in advance, and much destruction prevented. Aside from the 
immediate function of warning, these forecasting techniques become a 
powerful tool in statistically determining the probable state of the sea at 
any point where adequate historical weather maps exist over the adjacent 
bodies of water. This has great application in the design of engineering 
structures, dams in inland regions, breakwaters, piers, groins, and seawalls, 
in the selection of transoceanic air routes, and in the guidance of marine 
operations of all kinds. Hence, it is of great importance that the methods 
of predicting the state of the sea be perfected. 

Various investigators have attacked the problem of relating wind and wind 

* The work su mm a ri z e d, in this paper was part of an extensive investigation on waves and surf for tV* 
Oceanographic Section, Bureau of Ships, United States Navy. 
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waves. Krummel in 1911, Cornish in 1912, Defant in 1929, Patton in 1932, 
and others have given surveys of the general knowledge of the characteristics 
of ocean waves. From these, various empirical formulae have been de¬ 
veloped. Cornish gives the height of the highest waves as H = 0.48 r 
(where H is in meters, and the wind velocity, U, in cm/sec). Zimmerman 
gives H — 0.44J’. Rosby and Montgomery have suggested the formula 
0.3 

H = — Z7 2 , which is dimensionally correct. Other similar empiric al equa¬ 
tions have been evolved relating wave velocity with wind velocity. 
Stevenson has related the maximum waves to fetch by the formula E = 
4 F (where H is in meters and fetch, F, in km). Stokes and Jeffreys have 
advanced theories for dealing with ocean waves. 

It has been only recently, however, that the theory of forecasting of ocean 
waves has been put on a scientifically sound basis by Sverdrup and Munk. 
Sverdrup and Munk propound the presence of “significant” or “character¬ 
istic” waves: those having the average height and period of the one-third 
highest waves. Experience has indicated that these characteristic waves 
correspond most closely to those estimated by visual observations, and 
consequently, the present-day empirical data consist chiefly of these char¬ 
acteristic waves. It is known that energy is transmitted to the waves by 
the wind in two ways: first, by a tangential, frictional stress on the water 
surface; and second, by the normal pressure, giving a pressure differential 
between the windward (high pressure) and the leeward (low pressure) sides 
of the wave. It may be of incidental interest to note that a theory developed 
on the basis of energy exchange due solely to normal pressure indicates that 
the waves cannot reach velocities exceeding the wind velocity (one of the 
big drawbacks to most previous theories), whereas a theory which also takes 
into account the energy transfer by tangential stress does not place this 
restriction on the development. Predicating the existence of characteristic 
waves, it was possible to formulate a differential equation on the basis of the 
rate of energy transfer from the wind and the rate at which the wave energy 
advances, from which special solutions of the relationships between the 
wave characteristics and fetch, wind velocity, and duration were obtained. 
The numerical constants involved have been evaluated in terms of empirical 
data, and the results expressed in graphical form by Sverdrup and Munk. 
Very little, however, is known about the generation of waves by winds much 
above 60 knots, because of the paucity of data, and the graphs obtained 
apply only to winds below this velocity. In common with all other wave 
phenomena, when ocean waves advance into a region of calm (or decay), 
their period and velocity increase, while their amplitude decreases. The 
loss of energy due to air resistance may be computed, and, assuming the 
energy loss from tangential stress and viscosity to be negligible, curves 
showing the relationships between the wave characteristics, the decay 
distance, and initial wave characteristics may be drawn. 

For a more complete description of the theory involved here, reference is 
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made to ‘‘Wind, Sea and Swell, Theory of Relations for Forecasting,” 
by Sverdrup and Munk.* 

Data obtained from limited fetch work by the University of California at 
Clear Lake, California, and more recently, from Abbotts Lagoon at Point 
Reyes, California, very strongly substantiate the theoretical relationships 
with minor corrections to empirical constants. 

Forecasting of sea and swell for comparison with observations was initiated 
in 1944, by personnel of the University of California, but a confirmation of 
the forecasting relationships by reliable prototype measurements awaited 
adequate recorded data on the Northern Pacific Coast. 

There are a number of methods of measuring wave heights and periods, 
and the reliability of the data obtained depends to a great extent upon the 
method employed. Visual shore observations can be made from piers, 
reading a staff gauge or using a plumb bob on a graduated line. An ex¬ 
perienced observer can obtain good results by these methods. The wave, 
however, is influenced somewhat by the piling of the pier, and the change in 
the bottom induced by the presence of the pier. Breaker measurements can 
be made by optical aids or photogrammetric methods. The University of 
California field party has used both extensively. A doubt is introduced into 
the deduced deep-water condition, however, as the waves undergo some 
final refraction over temporary beach details. Observations offshore have 
been made by various instruments with varying success. These have taken 
the form of instruments which record the position of the water surface and 
those which record the pressure fluctuations at some depth. The method of 
measuring the pressure fluctuations below the surface possesses a unique 
advantage over that giving a trace of the water surface in that the effect 
of waves shorter than any particular period can be eliminated by appropriate 
depths of installation. Thus, it is possible to avoid the obscuring effect of 
small, local, wind waves and chop, and to record only the consequential waves 
which dominate the surf. Many types of pressure transmitters have been 
designed: variable resistance, capacity, selsyn linked, etc. The type em¬ 
ployed in the shore wave recorders installed by the University of California 
utilized a potentiometric circuit. Two installations on the Pacific Coast 
have been in operation for almost a year and have p^ven very satisfactory. 

The selection of a site for wave measurements requires the evaluation of a 
number of natural factors. The instrument should be placed at an exposed 
point on the coast so that all waves reach it, and reach it with as small an 
amount of refraction as possible. For this reason there should be no reefs or 
canyons to seaward of the instrument at moderate depths. A gently sloping 
beach is preferable to vertical cliffs to reduce the probability of reflected 
waves complicating the record. Installation depth of 60-70 feet should be 
reached within a reasonable distance from shore (3000 feet). The cable 
must pass through the surf zone in a relatively protected area, to permit 

* Cf. references. 
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cable laving from small craft and so that longshore currents or surf will not 
move or damage the cable. Heceta Head, Oregon, and Point Sur, California, 
fitted these requisites well and were a fairly large distance (600 miles) apart 
(figure 1). Shore stations already existed at these sites in which the re¬ 
cording unit could be placed. Future installations are now being planned at 
three more points along the coast—Quillayute, Washington, Point Cabrillo, 
and Point Arguello, California. 

The actual installation was done by Navy DUKW. At Point Sur, a steel 
life raft was adapted to carry a spool of cable from the beach to sea, the cable 
unreeling as the raft was towed seaward. The cable was installed on the 
raft on shore, and the shoreward end secured to posts on the beach and later 
connected by lighter cable to the recorder. The pressure-transmitting in¬ 
strument was attached to a metal triangle support, spliced to the cable at 
sea, and lowered to sea bottom from the DUKW at the desired location. 

The wave recorder runs on slow speed (3 inches per hour) for 5 hours 35 
minutes, and then on fast speed (3 inches per minute) for 25 minutes. The 
record can be analyzed for height at any time, but for period only when 
running on fast speed. Records are analyzed at 12-hour intervals, and at 
every intermediate point of possible interest, or where a definite change in 
wave characteristics occurs. The instruments were calibrated in a dynamic 
testing chamber before being installed, and graphical overlays constructed 
from this calibration and the known relationship of pressure fluctuation 
with depth, wave period, and height. The period of the waves is determined 
and the heights of the highest third of the major train of waves obtained 
from the overlay and averaged to give the characteristic height. The 
waves are almost invariably complex, consisting of several trains of waves 
of about the same period, probably generated in the same fetch, with, very 
often, the added complication of a secondary wave train from another fetch. 
In this case, both primary and secondary waves are measured. These 
analyses give the characteristic wave heights and periods at the depth of the 
instruments (65 feet at Point Sur, and 50 feet at Heceta Head), and these 
must be transferred to deep-water characteristics for comparison with the 
forecast values. Two effects enter into this reduction, that of refraction 
and that of the change in energy advance. For the former, refraction dia¬ 
grams were drawn for both installations for waves of various periods and 
directions and the corresponding refraction coefficient determined. For the 
latter, the wave period was assumed constant, and the deep-water wave 
length, Lo y taken as 5.1 IT 1 , from which d/£ 0 was computed. E/Hq then 
was taken from the appropriate graph, and the deep-water height computed 
as the quotient of the recorded height and these two terms. 
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Some error occasionally is introduced into the results here, as the actual 
wave direction is not recorded, and hence not known; thus in determining the 
refraction coefficient, the wave direction is assumed to be the forecast 
direction. Recently, a wave-direction recorder has been designed on the 
principle of the Rayleigh disk and is now undergoing test. It is planned to 
install such instruments with the wave recorders in the near future, and thus 
eliminate this chance of error. 

Since the shore wave recorders were established early in 1947 at Point Sur 
and Heceta Head to continuously record the character of the sea, records 
have been obtained which now permit a rigorous comparison of forecast and 
observed w ave characteristics. Forecasting procedure was, in general, that 
given by “Wind Waves and Swell, Principles in Forecasting.” Fetch, decay 
distance, and direction were determined by inspection of the isobaric pat¬ 
tern of meteorological maps, where fetch was taken as the distance over 
which the wind blew tow ard the forecast point with a range of 30° on either 
side of the true direction. Occasionally, the fetch was well defined by 
meteorological fronts, the rapid fanning out of the isobars, or a sharp curva¬ 
ture of the isobars, but usually the boundary was in question for as much as 
several hundred miles. In these cases, the condition giving a maximum 
fetch and minimum decay distance was taken. Wind direction was assumed 
to be at a 20° angle to the left of the isobars. The average wind speed was 
taken as six-tenths of the geostrophic wind, and was determined directly 
from the isobar spacing by a graphical overlay. Both wind direction and 
velocity were checked against ship reports in the area, and serious discrep¬ 
ancies corrected if possible. The wind duration was determined from 
previous weather maps and the forecast wave height in the fetch. Then, 
having the wind velocity and duration and the length of fetch, the wave 
characteristics at the end of the fetch were determined from the forecast 
graphs. It is interesting to note that, in the great majority of cases, wave 
generation was limited by the duration rather than by the length of the 
fetch. Having these wave characteristics and the decay distance, the 
decay graphs were entered, and the final wave characteristics determined. 
This method gives the characteristic, deep-water, wave lengths and periods. 
The direction from which the waves came was taken as the direction of the 
fetch from the forecast point, regardless of wind direction in the fetch. 

The comparison at Point Sur covered April to December, 1947, and about 
271 forecasts. At Heceta Head comparisons covered the period May to 
December, 1947, and involved about 201 forecasts (figure 2). The actual 
comparison of recorded to forecast values was, in general, good, but still 
leaves something to be desired. A statistical analysis shows that 97 per 
cent of the recorded significant increases in wave height were forecast, but 
23 per cent of the forecast wave trains failed to arrive. The rather large 
proportion of non-arrivals apparently resulted from the erroneous selection 
of fetches, frequently because of difficulty in ascribing limits to the effective 
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especially those of the peaks of the wave trains, for which 64 per cent were 
forecast earlier, 24 per cent later, and 12 per cent were not forecast. The 
one exception was the predicted arrival of the wave trains at Heceta Head 
where 58 per cent were forecast later than recorded (of which, however, 50 
per cent were within 6 hours of the recorded arrival time). Fifty-three 
per cent of the forecast wave heights were within 1 foot of the recorded 
heights, and 80 per cent within 2 feet. Sixty-three per cent of the forecast 
periods were within 2 seconds of the recorded periods. The forecast periods 
were usually lower than the recorded ones—at Heceta Head, 71 per cent were 
below the observed, and 59 per cent at Point Sur. In limited fetch work at 
Abbotts Lagoon, the periods from the Sverdrup-Munk curves also were con¬ 
sistently lower than the recorded values, and this may tend to show that the 
error lies in the constants employed in the equations of wave generation 
rather than in decay relationships or the application. The error in period 
decreases with waves of larger period. The deviation of predicted heights 
from the recorded values show no particular tendency to be higher or lower 
than recorded—the deviation curves being centered about the zero deviation 
line. 

Few, if any, weather reports were made south of 30° latitude; none below 
20° latitude. Hence, the isobaric pattern to the south was drawn by the 
dictates of probability and general experience rather than of actual data, and 
therefore is occasionally likely to be in error. Thus, it is probable that 
storms to the south, not observed on the weather map, generated some of the 
waves that were recorded, but not forecast (amounting to about 3 per cent of 
the total). This is substantiated by the arrival of wave trains in this cate¬ 
gory at Point Sur, but with none recorded and not forecast at Heceta Head, 
which is much less exposed to this southerly swell. 

For several dates, weather maps have been obtained from the U. S. 
Weather Bureau and wave forecasts made from these as well as from the 
usual maps from the Navy Weather Central. These maps were drawn from 
the same data as the Navy maps, but analyzed by different weather fore¬ 
casters. The forecasts from both sets of maps gave nearly the same results— 
but frequently bracketed the recorded data. This would seem to indicate 
that the smaller deviations of the forecast from observed values are, in a 
major part, due to the difference in analysis of the weather data, and the 
subsequent difference in the fetch and decay distances and wind velocities 
used in making the wave forecasts. 

It may be of some interest to note the comparison of these recorded and 
forecast values with those obtained by The Scripps Institution of Oceanog¬ 
raphy in a statistical study of hindcast wave conditions along the California 
coast for three years. At Cape Blanco, Oregon (80 miles south *of Heceta 
Head), Scripps found, for the summer months, that all the waves were under 
8 feet, 96 per cent below 6 feet, 86 per cent below 4 feet, and 64 per cent below 
2 feet. The forecast data for Heceta Head, Oregon, for the summer months 
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last year give 97 per cent below 8 feet, 96 per cent below 6 feet, 94 per cent 
below 4 feet, and 64 per cent below 2 feet. The recorded values for Heceta 
Head are 100 per cent below 8 feet, 98 per cent below 6 feet, 89 per cent 
below 4 feet, and 46 per cent below 2 feet. It is concluded, therefore, that 
existing forecasting technique results in a high degree of reliability for 
forecasting the arrival of significant increases in wave height, and prog¬ 
nosticating the wave heights. These two factors are the principal ones for 
the control of marine and shore activity. The forecast of wave period and 
arrival time of the peaks of the wave trains does not display the same degree 
of reliability evident in the former characteristics. This deficiency, or 
lack of perfection, does not detract from the exceptional value such fore¬ 
casts possess to the people of the Northern Pacific coast, where daily activi¬ 
ties, in a great many cases, are virtually dictated by what once could be 
known as the vagaries of the sea. 
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VART 4BILITY IN DIRECTION OF WAVE TRAVEL* 


By ROBERT S. ARTHURt 

Scrtpps Institution of Oceanography, University of California, La Jolla , California 

Introduction 

A usual assumption in wave forecasting is that the waves in a fetch travel 
in a uniform direction coincident with that of the wind. Aerial photo¬ 
graphs of wave trains (figure 1) and visual and instrumental observations 
show a complex pattern of short-crested waves with waves of appreciable 
height traveling not only in the wind direction, but also in other directions. 

In this paper, the assumption is made that, in a generating area, waves are 
present which are moving at various angles with the wind direction. The 
growth of these waves under the influence of the tangential stress and normal 
pressure of the wind is calculated by generalizing the relationship for wave 
growth developed by Sverdrup and Munk. 1 

This variability in wave direction is not confined to the waves in the 
generating area, but is a feature which is retained after the waves emerge 
from the generating area and travel as swell. Since it is assumed that the 
direction of travel remains unchanged once the waves are formed, the 
variability in swell direction is determined by the variability in direction of 
the waves in the generating area. 

When wave trains are interrupted by islands and headlands, such vari¬ 
ability in the direction of wave travel is generally of greater importance in 
determining wave conditions in the sheltered region than refraction or dif¬ 
fraction. It is of critical importance in connection with longshore currents 
and problems of wave generation in small bodies of water of irregular shape. 

Theory 

Notation : 

6 —angle between wind direction and direction of wave travel; 

C —phase velocity of wave; 

E —mean total energy of wave per unit area; 

x —horizontal distance coordinate; 

/—time; 

Rt —mean rate of energy transfer to wave due to tangential wind stress; 
R n —mean rate of energy transfer to wave due to normal wind pressure; 

V —wind velocity at about 8 m above sea surface; 

p—density of water (1.025 g/cm 3 ); 

* Contribution from the Scripps Institution of Oceanography of the Unis ersity of California. New Series 
No. 408. This work represents results of research carried out for the Hydrographic OHice, the Office of Naval 
Research, and the Bureau of Ships of the United States Navy Department under contrail with the University 
of California. , 

t The writer is very much indebted to Mr C. P. Ho for his assistance and suggestions in earning out the 
numerical phases of tnis work. 
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p'—density of air (1.25 X 10“ 3 g'cm 3 ); 

7 2 —resistance coefficient applicable to wind (y 2 = 2.6 X 10~ 3 for V > 5 
m sec); 

.1—2yV p (6.35 X 10- 6 ); 
g —acceleration of gravity (980 cm/sec 2 ); 

5—sheltering coefficient; 
cl —s/2y 2 ; 

H —wave height (from crest to trough); 

L —wave length; 



Figube 1. Aerial photograph of waves. 


5— H/L (wave steepness); 

P — C/ C cos 0 (wave age); 
r —coefficient of energy partition; 

8i —value of 8 f or fi = 1; 

P' —a value of p determined by the assumed 5-value for P = 0; 

F —length of fetch in direction of wave travel. 

The Energy Equations and Their Solutions . Assume for the equations 
expressing the energy budget of a train of waves, following the method of 
Sverdrup and Munk: 

Steady state: 


CdE.EdC^v \+ C < U 
2 ix + 2 dx Rt ^ R * v f -C>r 


a) 
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Transient state: 


Assume 


dE.EdC 
dt^ C dt Kl 



+ C < r 
- C > V 


( 2 ) 


R t - EAg ir'p 3 sec 2 9; R N = IL4g lF l p~ % a (1 — jfl) 2 see 6 (3) 

where, in the case of the tangential stress, the stress component in the direc¬ 
tion of wave advance is introduced, and, in the case of the normal pressure, 
the wind component in the direction of wave advance is introduced. 

The solutions of the energy equations are obtained in exactly the same 
manner as that used by Sverdrup and Munk, and the details will not be 
repeated here. The authors just cited assume that wave steepness, 8 , is 
a function of wave age, 0, only, and proceed to evaluate certain constants 
which occur in a theoretically derived relationship by fitting observational 
data. 

The further assumption is now made that approximately the same numeri¬ 
cal relationship between 8 and /3 holds for values of 6 other than 6 = 0°. 
This requires redetermination of the constants r, a, 8 h and j3' for each value 
of 0. The values of the constants for 6 — 30° and 6 = 45° as compared to 
those obtained by Sverdrup and Munk for Q = 0° are as follows: 


e r a di p r 

0° 0.580 2.50 0.0380 0.350 

30° 0.563 3.14 0.0393 0.344 

45° 0.544 4.19 0.0402 0.339 

The solutions can all be presented as relations between non-dimensional 
ratios, and the results in such form for Q = 30° and 6 = 45° are compared to 
those of Sverdrup and Munk for 9 = 0°. Figure 2 shows the parameters 
C/U and gH/U 2 plotted against gF/U 2 (F is the fetch in the direction 9), 
that is, wave speed and height as functions of fetch and wind velocity as¬ 
suming unlimited duration. Figure 3 shows in terms of the non-dimen¬ 
sional ratios C/U, gH/U 2 , and gt/U, the wave speed and height as functions 
of duration and wind speed, assuming unlimited fetch. 


Discussion 

In determining the height and period of waves traveling in a direction 
other than the wind direction, it is convenient to make use of the ratios 
Hq/H and Te/T, where He and Te are the height and period respectively of 
the waves traveling over a distance F at an angle 9 to the wind direction, and 
H and T are the corresponding height and period of the waves traveling 
with the wind over the same distance. The distance F is measured in the 
direction 9. An alignment chart (figure 4) gives He/H and Te/T as 
functions of wind velocity U, and either fetch F (steady state) or duration 
time t (transient state) for 9 equal to 30° and 45°. An example is shown. 
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In order to determine He and Te , it is first necessary to find H and T by 
means of Plates I and II of Scripps Institution of Oceanography Wave 
Report No. 73, 2 or from the non-dimensional representations for 6 = 0*. 
The question as to the existence of a steady state or transient state in the 
fetch is settled at the same time. H e /H and T $ /T are then determined 
from figure 4 and a simple multiplication gives H e and T e . The modi¬ 
fication of He and T e as the waves decay through a certain distance D is 
determined by means of the decay diagram 1 * 2 . 



Figure 4 shows that as the angle 0 increases, the wave height and period 
decrease. The percentage decrease is less for higher wind velocities, and is 
less for period than for height. The waves moving at an angle of 30° with 
the wind have heights between 80 per cent and 90 per cent of those moving 
with the wind for typical values of the forecasting parameters. For 45°, 
the heights are between 55 per cent and 75 per cent. Since waves of dif¬ 
ferent heights are present in the fetch, it is to be expected that the higher 
waves which travel more nearly in the direction of the wind shelter the lower 
waves. Figure 4 therefore may be expected to give values of He somewhat 
too large for small values of the ratio He/H, No adequate observations 
are available from which a quantitative estimate of the effect may be made. 
Relationships for 0 larger than 45°, have not been reproduced for this reason. 
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The present analysis assumes that, in a fetch, waves are moving in every 
direction which does not deviate from the wind direction by more than 
45°. Since the wind can transfer only a finite amount of energy to wave 
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Figure 4. Alignment chart for the computation of height and period of waves moving at angles of 
30° and 45° with the wind. 

growth, the waves moving in a given direction must show height and period 
variability with time. The quantities He and T* may be expected to apply 
to waves which correspond to the “significant waves” discussed by Sverdrup 
and Munk. 1 It is to be noted that the frequency distribution of the wave 
height and period spectra may change with the angle 6. 
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Application 

Comparison with Forecasting Experience. Forecasting experience 3 has 
demonstrated the need for considering that waves decaying from a letch 
where wind direction is uniform reach not only points in line with the wind 
(A of figure 5), but also those at angles up to 30° (B of figure 5). The 
same height and period values have been used regardless of angle. This 


F,-^ 



Figure 5 Schematic representation of a fetch area CUEF fiom which wa\ es arrive at points A and B. 



Figure 6 . Origin of swell at the Scoglitti beachhead during the invasion of Sicily. 


practice is in rough agreement with the variability results discussed above, 
since, for 0 less 30°, the value of Ih/II is generally greater than 0.80, and 
Te/Tis greater than 0.95. 

Invasion of Sicily . Data from a report on the invasion of Sicily 1 can be 
used to make a check on the theory. The weather maps show that any 
swell affecting the landing near Scoglitti must have been generated in region 
ABCD (figure 6) by the north-northwest to northwest winds whose 
velocities were as high as 31 knots up to 2000 GCT, D-l day. The winds in 
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the region to the east of line CD and south of Sicily were also from the 
northwest but velocities were less than 16 knots, because of the sheltering 
effect of the island. The only swell which could approach the beach at 
Scoglitti would be that refracted or diffracted from point P, at the south¬ 
west corner of the island, or that proceeding from region ABCD as a result 
of variability in direction of travel. Because of the bottom topography 
and the distance involved, the “refraction factor” 5 associated with waves 
refracted from P to Scoglitti would be very small. Diffraction studies show 
that the “diffraction factor” 6 would also be very small. However, relatively 
high swell would be expected off Scoglitti as a result of variability in direc¬ 
tion of travel of waves generated in area ABCD. The highest swell to be 
expected would be generated over a path AF with 6 equal to 30°. The 
computation of height for point F of waves moving at an angle of 30° to 
the wind is as follows: 

F U t* II 0 liefII He 

150 miM 30 knots 10* 13' 30° 0 86 IP 

A following wind is present as the waves decay a distance of about 50 
miles from point F to Scoglitti. It is assumed that the following wind is 
sufficient to keep the swell from decreasing in height over the decay distance. 
As a result, the expected height of the swell off the beach at Scoglitti would 
be 11 feet. The travel time would be about 5 hours so that the swell would 
arrive at approximately H-hour. Observations during the early landings 
showed a swell height of 10 to 12 feet. 

San Clemente Island. Observations of wind waves were made around the 
southern end of San Clemente Island, California, on June 30, 1947 from the 
E. \V. SCRIPPS, research vessel of the Scripps Institution. Stations A and 
B (figure 7) weie occupied at 0618 and 0730 PST respectively. Other 
stations to the east of the island were also occupied to determine the island’s 
effect on westerly swell, but no swell was discernible on this occasion. 
The wave data (riGURC 7) were obtained by visual observation of a short- 
line-spar buoy wave meter. 

Station A is exposed to w aves generated in the fetch to the northwest by 
the winds which at this season are predominantly northwesterly. This 
fetch is interrupted by San Nicholas Island, 50 miles to the northwest, and 
the Santa Barbaia Islands, 100 miles to the northwest. However, a small 
change of angle gives an unobstructed fetch. Assuming steady state con¬ 
ditions, the following values of the forecasting parameters are consistent 
with the observed height and period at Station A: 

Wind Wave 

Direction V F Diiection 6 

NW 14 knots 250 miles NW 0° 

* The actual duration time of the high wind \ elocities has been extended to allow for the waves already 
present in the fetch * 

t All miles leferred to <ue nautical milts 
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Because of China Point, waves can reach Station B only from due west or 
southerly directions. In view of the wind field, the waves observed at 
Station B must be a result of refraction or diffraction at China Point, or 
variability in direction in the northwesterly fetch. Since the refraction 
coefficient is 0.17 and the diffraction coefficient is less than 0.10, these 
processes cannot account for the observed waves at B. The maximum 



height as a result of variability in direction would be associated with waves 
from the west. The computation of these waves from the above fore¬ 
casting parameters is as follows: 

8 IIb/E Te/T m T 9 

45° 0.55 0.76 0.55 x 4.2 - 2.3' 0.76 x 6.0 - 4.6* 

The values compare favorably with the observed height of 2.3 feet and 
period of 5.4 seconds. 

Conclusions 

The present results indicate that, within the fetch, waves may be expected 
to grow, even though they are moving at angles of as much as 45° with the 
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v ind direction. Tlie height of sucli waves will be at least 50 per cent of the 
height of waves moving with the wind. Within the fetch ,the waves moving 
with the wind or at small angles to the wind appear dominant, but waves 
moving at larger angles are important when a wave train is interrupted by an 
island or headland. Variability in direction of swell can be determined by 
considering the different paths in the fetch which are directed toward the 
point where swell is to be considered. Lines PH and QB in figure 5 repre¬ 
sent two such paths. Variability in direction of swell may be expected to 
decrease with increasing decay distance. 

Figure 8 illustrates schematically a critical case in connection with 
variability in a body of water of irregular shape. Assuming steady state 
conditions, the waves reaching point B from along the “direct” fetch AB 
have computed heights of 1.5 feet, whereas those reaching B from along the 
“effective fetch” BC have computed heights of 3.5 feet. No checks have 
been made on the application of the principles given here to small bodies of 
water, and it is recommended that the results be used only as a guide until 
such checks have been made. 
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Discussion of Paper 

Dr. W. L. Donnt ( Brooklyn College , Brooklyn , i\ T . I".): In the course of 
studying wave and swell records for the Woods Hole Oceanographic In¬ 
stitution, with the purpose of correlating swell observations with marine 
weather conditions off the eastern coast of the United States, certain in¬ 
explicable discrepancies were noted which appear explainable in the light 
of the wave variability theory. 

The records were made by a bottom-resting, pressure-type wave meter, 
about a mile southeast of Cuttyhunk Island, near the western end of Cape 
Cod. The meter was constructed and operated by the Woods Hole Oceano¬ 
graphic Institution. The weather correlation was attempted on the basis 
of the North Atlantic Weather Maps prepared by the U. S. Weather Bureau 
at La Guardia Field, Long Island. 

The exposure of the wave meter was such that the only “window” for 
the free approach of waves from a distant source was from a sector bounded 
by lines extending to the southeast and southwest. A fetch of but a few 
miles of shoal water exists to the north and northwest of the recording 
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station. To the west and west-southwest, in the direr tions of Long Island 
Sound and Long Island respectively, a possible fetch of more than 100 miles 
occurs, with water depths averaging close to 20 fathoms. 

Most of the significant swell recorded on the Cuttyhunk meter (periods 
from 6 to 10 seconds) coultl be correlated with synoptic situations in which 
cyclonic warm sectors existed off or along the eastern coast. In such cases, 
the southerly or southwesterly winds which prevailed had a relatively long 
fetch along the coastal waters. The duration of these winds was normally 
closed with the passage of a cold front. The strong northwesterly winds 
which followed the fronts rapidly damped the pre-existing southerly swell. 

In certain cases, with strong west to west-northwest winds following the 
frontal passage, the wave records either did not show the expected damping, 
or showed new waves developing of the same order as those previously 
existing. This was difficult to explain in view of the up-wind fetch being 
limited to a few miles by the coastline of Connecticut. However, if a 
deviation of wave propagation from wind direction of 30 degrees is permitted, 
the effect of the strong winds over the longer fetch to the west and west- 
southwest, mentioned above, might have permitted the development of the 
observed waves. 

These observations appear explainable from qualitative considerations, 
although more complete quantitative studies will be made to check the 
observations further. 



OCEAN WAVE RESEARCH AND ITS ENGINEERING 

APPLICATIONS 

By M. A. MASON 

Beach Erosion Board , Army Engineers, Washington, D. C. 

Ocean waves are one of the natural phenomena of our environment that 
have attracted the attention of scientists and laymen almost from the time 
of our first recorded history. Yet, curiously, until the last few years, 
little progress, and in fact, limited study, leading to explanation of ocean 
wave phenomena have been made. Such knowledge as we had until 
recently was largely the result of studies by mathematicians and physicists, 
stemming from their curiosity about natural phenomena aided and abetted 
by various other interests. Again, curiously, a large part of such knowledge 
was based on reasoning rather than observation. Perhaps this situation can 
be attributed to the nature of the phenomena to be observed, for as Harold 
Jeffreys, one of the modem contributors to our pre-war knowledge of ocean 
waves, once wrote after observing the sea, “The predominant characteristic 
of the sea is its irregularity.” Those of us who have been trying to observe 
and define the character of the sea surface have no quarrel with Jeffreys on 
this point. 

This paper will be an attempt to consider the relations between our present 
knowledge of ocean surface waves as developed by research, and the engineer¬ 
ing applications of that knowledge. Some attention will be given to defi¬ 
ciencies or gaps in our knowledge of waves which are needed for the solution 
of various engineering problms. 

I shall not attempt to review the meagre fund of our pre-war knowledge. 
Those who work in the field know it well. Let it suffice simply to remind you 
that, so far as engineering applications were concerned, the knowledge we 
had was rudimentary almost to the extreme. 

We might profitably consider for a moment the engineering applications 
we have in mind. Oldest in point of view of time is the application of wave 
knowledge to the design and operation of ships. It is surprising to one who 
is not a naval architect to discover how slight a foundation of knowledge of 
natural wave characteristics underlies the design of ships. So far as I can 
discover, there seems to be available among ship designers some fair knowl¬ 
edge of the probable maximum wave lengths, periods, and heights ordinarily 
encountered in the various seas, but probably not much other detail. There 
also have been developed by experience certain rules of operation of vessels 
to minimize passenger discomfort and danger of vessel damage, and to 
increase the operating economy of the ship, but full possibilities do not seem 
to have been realized. 

Perhaps the next oldest problem is the application of knowledge of ocean 
disturbances to the location and layout of harbors, and in the design of 
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harbor protective works. This problem has been most vexing, as is best 
attested by the difficulties associated with the operation and maintenance of 
some coastal harbors, both in this country and abroad. The Permanent 
International Association of Navigation Congresses has given prominent, 
if not primary attention, to problems of this sort for many years, particularly 
to the design of protective works after the disastrous experiences at Bizerte 
and Antofagasta. The frequently tragic consequences of protective works 
failures give breakwater design problems a great public interest, but the 
problems of harbor location and layout with respect especially to wave 
action to insure safe, sheltered harbors at lowest cost are equally important. 

From the point of view of natural resources, the most important engineer¬ 
ing application of ocean wave research lies in the field of shore protection, in¬ 
cluding in the term not only protection of the actual shore against encroach¬ 
ment by the sea, but also the provision and maintenance of navigable 
entrances to rivers, bays, harbors, etc. No one knows what the total cost of 
inadequate shore protection may be, certainly it is very large in this country. 
In the Netherlands, it may be said to be essentially the capital value of a 
large portion of the country. Great Britain has, for some years, been 
alarmed at the inroads of the sea, having formed their Royal Commission on 
Coastal Preservation to study the situation, and spent millions of dollars to 
bulwark their rapidly eroding land. 

The military sendees are concerned with a host of engineering applications 
of ocean wave research lo their own highly specialized problems. In this 
connection, it is interesting to note the extreme disrepute of oceanographic 
knowledge in the military services generally, prior to World War II, and the 
relatively favored position it enjoys today. Some of the problems interest¬ 
ing the military sendees are most unusual. One which I have in mind is the 
effect of sea surface disturbances on radar operation—a subject recently 
reported upon in the English literature. Other problems are more familiar 
to us, for example: the effect of surf on the casualty rate of landing craft in 
amphibious operations; the importance of wave and surf knowledge in the 
selection of landing beaches; the application of wave knowledge to airplane 
carrier operation; and many others. 

We might continue these illustrations, but, since I wish to discuss some of 
them in more detail later, let us, rather, review our state of knowledge as 
developed by ocean wave research. 

Our chief objective remains to be reached. In spite of familiarity with the 
problem for several thousand years, we still find ourselves in the indefensible 
position of attempting to study a natural phenomenon which we have not 
adequately defined. Borrowing from Thorade, we may repeat in 1948 what 
he wrote in 1931—“No adequate results of observation are available with 
respect to form, orbital path, and energy, but they are sufficient to shake 
our confidence in theory... Complete agreement between theory and ob¬ 
servation is seldom found, and where it is found, it seems suspicious.” 
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What is an ocean surface wave? I believe I can truthfully say that we 
cannot define an ocean surface wave from observation. You and I have 
watched waves on the Pacific Coast that seemed to be regular and, to some 
extent, uniform, but even casual observation showed that consecutive waves 
varied widely in period, form, and estimated height (an observation con¬ 
firmed by many instrumental measurements of waves on the same coast). 

As an engineer concerned with problems in which ocean waves are im¬ 
portant, I am not primarily interested in an individual ocean wave, or even 
single systems of waves. However, I must know in detail the characteristics 
of changes in sea surface elevation and associated internal movements 
resulting from wave action and the temporal and spatial variations of these 
characteristics. Therefore, I am vitally interested in and must support 
observations, not primarily of ocean waves, but of the changes in sea surface 
elevation associated with ocean wave action; i.e., the definition of the 
characteristic irregularity of the ocean surface. 

As positive knowledge, we know many more things than we did some years 
ago. We can predict, with an accuracy that is often sufficiently good, the 
occurrence and probable time of arrival of certain waves resulting from a 
known meteorological pattern. We can forecast the probable character of 
the surf those waves will form when they reach the coast. Refraction 
diagrams, in simple cases, and sometimes diffraction diagrams can be drawn 
to indicate the approximate distribution of the available wave energy over 
some area of shoal water or coast. If sufficiently good instruments are 
employed in certain ways, we believe we can detect the so-called forerunners 
of swell and from them predict the location of an atmospheric disturbance. 
These and a few other things we know how to do, but most importantly, we 
think we can measure ocean waves. 

Let me dwell on this achievement a moment. We can, by surface or sub¬ 
surface instruments, obtain a measure of the variation with time of the 
elevation of the sea surface at a point. If we attempt to analyze this 
measurement record, however, we are in a dilemma. For we must adopt 
the subterfuge of concerning ourselves only with the highest and longest 
waves, or I should say, more rigorously, the most prominent changes in sea 
surface elevation, in order to arrive at numbers to define the waves. The 
concept of significant waves developed by Sverdrup, for example, is most 
useful for some problems, but it does not relieve us of the necessity to seek 
a more reliable and accurate means of identifying waves. An analysis based 
on the time rate of variation of energy passing our measurement point would 
be more useful in most engineering applications, but greatly more difficult to 
effect. It must be noted that, when we claim to measure waves by recording 
surface elevations at a point, we require that the waves do not change shape 
or velocity as they pass the point, and that the various wave systems which 
may co-exist and interact can be separated through analysis of the record. 
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Neither of these conditions is satisfied for shallow water waves, and the 
latter is not satisfied for deep v ater waves, although the former may be. 

Suppose we return to the engineering applications of ocean wave research 
and see where we stand. Entirely aside from our technical interest, which 
we as scientists believe to be paramount, I believe such an examination to be 
important in allowing us to evaluate the support to be given to continued 
ocean wave research. Perhaps the injection of this realistic note into our 
discussions is to be decried. However, our present state of relative affluence 
in research funds already shows some signs of strain; and we must realize 
that not for long can we continue projects, unless they can be defended 
against competing projects, in this and other fields of scientific inquiry. 
Engineering applications, either immediate or reasonably foreseeable, are 
very good arguments for support of projects in terms of funds and brain¬ 
power. 

Let us consider, then, what value knowledge derived from ocean wave 
research might have in engineering applications, and examine, first, its value 
to the designer and operator of surface ships. A naval architect has the 
problem of designing a hollow, self-propelled body to carry a specified load 
and to operate at the interface of two fluids, water and air. Certain re¬ 
quirements limit the water submerged portion of the body to a depth of 35 
feet or so. This means that the submerged portion of the ship is always 
operating in a region where the effects of surface disturbances or waves are 
most pronounced. The designer, before constructing the vessel, subjects 
models of hull designs to towing tests to determine its still water “skin- 
friction” resistance and its “wave-making” resistance. The behavior of the 
hull in artificially generated uniform trains of waves is sometimes observed. 
It is known, of course, that these waves do not represent ocean surface 
conditions. But what are the typical conditions for the Atlantic, Pacific, 
Indian Oceans and other seas? Can they be reproduced in the model basin 
and, if so, how? Is it worthwhile to reproduce them? Knowledge of 
ocean wave conditions in the open sea will enable the study of these ques¬ 
tions among others. The steering rudder and the propeller operate in the 
region of maximum surface disturbance. What are the forces commonly 
exerted on rudders by wave action? How does wave action affect propeller 
efficiency and what can be done to modify these effects? To start to study 
these questions we must have knowledge not only of the true surface con¬ 
ditions but, in addition, quantitative information on the velocity fields, to at 
least the 35-foot depth, associated with the surface wave conditions. 

The designer must build his ship sufficiently strong to carry its appointed 
load when subjected to the most violent conditions of the open sea. The 
frequency of failures of war-built ships illustrates the importance of this 
consideration. If the designer could be furnished information on the 
character, magnitude, and time rate of variations in surface elevation as¬ 
sociated with maximum wave action, he would be in a more favorable posi- 
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lion Ilian he is now to calculate the stresses and strains of racking, pitching, 
and rolling actions. 

Captain Harold Saunders, until recently Technical Director of the David 
Taylor Model Basin of the U. S. Navy stated in a recent paper that ‘‘The 
most frightening lesson learned from the war just concluded, ... was the 
almost desperate lack of basic information on the fundamentals of the nature 
of the sea and the behavior of bodies in it.” He continues, listing some 
specific problems in hydromechanics of immediate interest to those con¬ 
cerned w ith ships on the sea, among which are: 

The formation and behavior of spray, as affecting the operation, 
preservation, and habitability of objects in and around the sea. 

The phenomena and kinetics of wave slap, w ave impact, and breaking 
waves. 

The elimination of surface waves in water streams. 

The control of systems of ship-roll stabilization. 

Obviously the solution of these engineering problems involves, in the first 
instance, ocean wave research and, as an important primary phase of the 
research, the definition of surface conditions. Much more might be said of 
applications of wave research in marine engineering, particularly of the 
possibilities of improving ship operation, but such discussion must be de¬ 
ferred to more appropriate circumstances. 

There was mentioned earlier the close relation between the location and 
layout of harbors and ocean surface disturbances. This relation is illus¬ 
trated by the case of Long Beach Harbor, California. The harbor is 
formed by a rubble mound breakwater running offshore from Point Fermin 
and partially enclosing the head of a spiral shape bay. During the war, it 
was noted that ships berthed at a certain dock were being damaged by reason 
of apparent surge movements in the harbor. Study of the problem led to 
the conclusion that the movements were caused by a swell from offshore of 
almost imperceptible height and with a period approximating 15 minutes. 
Other swell of about 5 minutes period was believed to be present and of 
some importance. 

This same harbor was the locale of violent surge action, some years ago, 
when a very low, very long swell, which was not detected offshore, passed 
through the porous, rubble mound, offshore breakwater and severely dam¬ 
aged several vessels berthed in the harbor. It may be noted that the 
southern California shore generally is subject from time to time to savage 
attacks by long period, low amplitude waves apparently coming from the 
South Pacific. 

Little is known about these very long period waves, even less is known of 
how they are generated. An interesting conjecture is the possibility that 
surface waves, under conditions of very long fetch, in large basins, where 
multiple reflections are possible, may eventually combine to give the ap¬ 
pearance and effect of long waves. It is, of course, equally possible that 
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there is a complete spectrum of wave periods present, extending from ripples, 
through surface w aves, to long w aves. Study of the existence and nature of 
these unusual waves on the southern California coast would decidedly be of 
interest in allowing proper defensive measures to be taken. 

But how could wave research have impioved the Long Beach harbor surge 
situation? Let u& assume that we had knowledge of the offshore wave 
conditions while planning the harbor. This information, with knowledge 
of the hydrography of San Pedro Bay, would have allowed the preparation 
of wave refraction diagrams showing the distribution of wave energy at the 
shore in the natural state. Similar diagrams prepared for the conditions 
of the complete harbor, as planned, would have emphasized any locations of 
concentration of energy. The layout of berths could then have avoided 
these locations, or the breakwater plan could have been modified. 

Wave research can be of value now. It can define for the engineer plan¬ 
ning expansion of the harbor, the nature of the wave action in the area, and 
enable investigation of the effects of this wave action on the harbor area for 
various locations and sizes of navigation entrances through a considered 
extension of the offshore breakwater to form a totally enclosed harbor. 
Research into the wave-generating possibilities within the harbor, combined 
with wave action through entrances, might result in ideas for solving the 
problem of sanitary’ flushing, or water exchange, to prevent pollution of the 
harbor area. 

Study of surface and long wave propagation through porous breakwaters 
would be of great value to the Los Angeles-Long Beach Harbor problem, as 
well as many others. In fact, the whole subject of wave action on harbor 
protective structures is one of prime importance to engineers and harbor 
designers. The problem is one of great economic, as well as technical, 
interest, since breakwaters usually cost hundreds of thousands of dollars. 
Even small improvements in design, and sometimes a simple change of 
specifications, can well pay for the cost of the necessary research. In 
designing a breakwater, the usual problems are: where to locate the struc¬ 
ture; what material to use for its construction; w r hat cross section shape to 
give the structure; to what height shall the structure be built; and what is 
the maintenance required to keep the works in serviceable condition to 
perform their function. Each of these problems requires knowledge of the 
surface waves at the contemplated location. Since the primary function 
of the structure is to protect a given, and usually arbitrarily selected, area 
from wave action, every'- feature of the works must contribute to this purpose. 

I have mentioned the Los Angeles-Long Beach Harbor case. It is not 
unique. The Great Lakes area has Grand Marais Harbor and others. 
The Atlantic Coast, though well provided with natural harbors, has its 
problems of maintenance of protective w r orks. Hilo Harbor in Hawaii has 
a surge problem, and many others are subject to various types of problems 
arising from wave action. 
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In this field, there are many problems, too many to discuss them in detail, 
but a few are so fundamental and their solution, at least in part, is so badly 
needed that some discussion is warranted. 

There has been indicated a relation between wave action and harbor 
location. The relation usually does not control selection of a location, be¬ 
cause of the greater influence of navigation, transportation, or other benefits 
associated with a certain location. However, a thorough study of the site in 
relation to its wave conditions is conceded to be a requisite, though we 
engineers are sure that we are not exhausting the possibilities of this type of 
analysis. We would like to be able to know the direction of approach, 
period, and height of the probable maximum storm wave action; whether or 
not the waves would appear in uniform or variable series. Will there be 
several wave trains from differing directions co-existing? If so, will they 
inter-act to result in very high waves or breakers in the entrance? Suppose 
we must use quarried stone for our structure. How big must the stone be to 
withstand wave action? Can it be simply dumped, or must it be placed? 
Should it be quarried as a rough cube or some other shape? A problem to 
breakwater designers, the solution of which they are ignorant, is that of 
what slope should be given the seaward face of a mound breakwater. The 
saving in stone by increasing the slope from 1 on 2 to 1 on 1| would some¬ 
times pay for the research required to answer all the questions posed. 

Admittedly, these are engineering problems, questions of design rather 
than of the basic knowledge the research scientist seeks, but they are also 
problems whose solution is almost wholly contingent upon basic knowledge 
of surface wave phenomena. Stones weighing from 15 to 20 tons have been 
transported bodily on the Arecibo, Puerto Rico breakwater by swells ar¬ 
riving from the North-East, without a cloud in the sky at the site. The 
knowledge of where those swells came from, how often the} r may be expected, 
what the characteristics were which made them destructive, all this and 
more we can rightfully expect to be developed by research on ocean waves, 
the cost for research being only a minor fraction of the resulting benefits. 

It is in the process of attempting to prevent encroachment by the sea on 
a coastline that we are most concerned with ocean or lake wave action, for it 
is the wave action which is primarily responsible for continual degradation 
of our shores, with its attendant loss of property and life. Huge waves batter 
at seawalls, hundreds perish as hurricane waves sweep over Galveston, the 
Florida Keys, or wherever. These are familiar headlines. Less familiar 
and less spectacular are the observations of shore students: shore line re¬ 
treating 20 feet annually in Ohio; the New Jersey coast receding an average 
2 feet each year; newly constructed seawalls damaged; or jetties trapping 
sand at a rate of 250,000 cubic yards annually. Waves do all these things, 
at a net cost in land per year of 1 foot along each of our own 52,000 miles of 
shore line, and a dollar cost in the millions. 

The shore problem, if we can think of it in general terms, may be stated 
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in a simple fashion. There are two major elements in the problem: one, the 
material, sand, clay, rock, constituting the shore; and two, the energy avail¬ 
able to modify and transport the material from one place to another, this 
energy being overwhelmingly supplied by the wave action at the shore, 
A further breakdown leads to the following six questions, which T formulated 
about a year and a half ago as a blueprint for the analysis of shore problems. 
If we can answer these six questions we can solve our problem. They are: 
(1) What are the sources and character of the beach material? (2) What 
are the rates of supply and loss of material to and from the shore? (3) What 
are the mechanics and manner of movement of material from the source to 
the shore and from the shore to other areas? (4) What are the feasible 
methods of modifying the rates of supply and loss of material to achieve the 
desired results, and what are the effects of such modification? (5) What are 
the design requirements of the feasible methods of modifying supply and 
loss rates? (6) What is the economic cost of each of the feasible methods of 
modifying rates of supply and loss? 

One of the most powerful methods useful in this analysis is to formulate 
what might be called the material-energy balance of the area in terms of time. 
To do this, we must know the character and quantity of available material. 
This material is moved chiefly by the application of energy in the form of 
wave action. We purposely omit oceanic, tidal, or other currents in this 
general discussion, since it is believed they are important only in certain 
restricted cases. Little is known of the mechanics and manner of material 
transportation by wave action, and perhaps still less is known of the processes 
of derivation of material through wave action. In spite of this situation, 
much has been done, in the way of modifying rates of supply and loss, by 
modifying the energy balance. For example, considerable success has been 
attained by groin construction to retard loss of material from beaches, or to 
build beaches by trapping material. This latter is somewhat of a hen or egg 
complex, it not being always clear whether we build a beach by reducing the 
amount of material usually lost or by trapping material that usually would 
pass the area. 

Unfortunately, we have not been able to formulate much that is done into 
a well supported regimen of reasoning. Many things are done successfully 
without our knowing why, which when tried in another environment fail 
miserably. It is to improve our understanding of these successes and 
failures, and to develop a sound basis for various commonly employed 
stratagems that we wish for more knowledge of ocean waves. It is to 
extend our possibilities for control of wave energy that we look to ocean 
wave research for both basic and applied research designed to eliminate the 
unknowns of the natural phenomenon, 

I think it can be said that almost anything we discover about ocean waves 
will be of value to the student of shore processes. Probably the most 
pressing, immediate question is that of the transportation phenomena 



MASON: OCEAN WAVE RESEARCH 531 

associated with wave action. An urgent problem, with which I have been 
concerned, will illustrate w hat is needed. In many areas, notably the Great 
Lakes, a thriving industry supplying sand and gravel for construction from 
the lake bed has been built up. Many millions have been invested in the 
business. However, severe erosion of the lake shores has been linked in the 
minds of many with the dredging of material from the lake bed, with the 
result that the State of New York, for example, forbids Lake Ontario com¬ 
mercial sand and gravel dredging within its state limits. Ohio and Penn¬ 
sylvania may be forced into some similar action. The question is this, 
does the removal of sand in relatively small quantities from the lake bed, in 
depths of 15 to 30 feet or more, result in recession of the shore line. We 
think the solution lies in a study of the transportation of material by wave 
action, how and where is it moved, what is the relation between wave 
energy and quantity moved, and finally, what is the ultimate effect on the 
shore line of the change in material balance caused by removal of the dredged 
material. 

Another problem, which is of great economic importance, concerns navi¬ 
gable inlets or entrances on the coast. Most such inlets or entrances have 
been deepened or widened, or both, by dredging and require to be dredged 
periodically to maintain the desired widths and depths. Most of the 
material which shoals these channels moves, under wave action, along the 
coast to the entrance and into the channel. Jetties or similar structures may 
be built to obstruct the passage of sand into the channel. Ocean waves, in 
this case, not only move material into the channel, but also act on the 
structures, so their importance is two-fold. 

Here again we need to know, quantitatively if possible, the relations be¬ 
tween the material transported by wave action and the characteristics of the 
wave regime of the area, also the relations between the wave action and the 
structure characteristics required to insure stability and effectiveness of the 
structure. Until we know the characteristics of the changes in sea surface 
elevation and the associated internal movements of the water, we have little 
hope of solving our problem. The potential savings in more efficient design 
of structures are very large, a mere saving of 10 per cent in stone required on 
one given project having a money value of $350,000. 

It must be admitted that some applications of present knowledge of 
ocean waves are not widely recognized. 

For example, in the fishing industry, many fishing days are lost by not 
taking advantage of the possibility of correlating operations with predicted 
sea surface conditions. Weather reports of high winds may result in can¬ 
celled operations because of supposed accompanying rough seas, when 
actual conditions would not preclude operations. More reliance on state of 
sea forecasts could well result in more efficient operations. Some acceptance 
of this procedure on the Pacific Coast has occasioned favorable reactions. 

Forecasts of wave action in the Hawaiian area by the Weather Bureau 
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have been employed by the Corps of Engineers in breakwater construction 
activities with notable results* It has been possible to protect life and 
equipment from damaging wave action not otherwise suspected, as well as to 
maintain construction schedules in the face of apparently increasingly 
dangerous sea conditions, when forecasts of sea conditions indicated a safe 
upper limit for continuing work. 

The possibilities of refraction and diffraction diagrams in furnishing in¬ 
formation on wave characteristics and the effect of harbor structures are 
now being realized slowly. A more extended employment of such diagrams 
seems justified. 

There are perhaps other applications of knowledge of waves derived from 
ocean wave research that escape me at the moment, but which would be 
apparent, were engineers more familiar with the results of ocean wave study. 
It is probable that the task of promoting familiarity must be assumed, at 
least for a time, by those conducting and reporting on ocean wave research. 
We must be scientists developing basic knowledge and engineers promoting 
the application of that knowledge to practical problems. If we are success¬ 
ful in such activity, we can expect strong support for our basic research and 
a large demand for applied research. Certainly, we must bend our every 
effort to insure the continuance of the progress we have made in the war 
years. The development and fostering of engineering applications of wave 
knowledge demand our attention not only because of their economic and 
technical importance, but as a means of insuring adequacy of support for 
basic research. 


Discussion of the Paper 

Dr. G. E. R. Deacon {Admiralty Research Laboratory , Teddinglon, Middle¬ 
sex, England): 

It is a very important part of the oceanographer’s work to point out the 
applications of his discoveries to engineering and other sciences, but there 
comes a time when so many demands are made on him for the loan of 
apparatus and practical help of all kinds that he is in danger of having too 
little left for a concerted attack on the many fundamental problems he has 
to face. It becomes necessary to maintain a reserve of men and materials 
sufficient to allow such undoubtedly profitable diversions. 

With reference to the use of wave knowledge by engineers, it may be 
regarded as regrettable that they have to spend so much of their time build¬ 
ing enormous solid structures to reflect the wave energy which streams 
towards their country, and that there is no hope of building a breakwater 
which will absorb energy in a form which can be used. 



DETAILS OF SHORE-BASED WAVE RECORDER 
AND OCEAN WAVE ANALYZER 

By ARTHUR A. KLEBBA* 

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 

Research groups have been interested in measuring waves at some 
distance from shore. In order that this work might be furthered with 
minimum loss of time in securing data, we have developed a set of instru¬ 
ments capable of recording waves in depths of water to ISO feet. The 
actual recording takes place on shore and the pressure pick-up unit is con¬ 
nected by cable. 

The installation is self-powered and can operate continuously or be set to 
record for fixed periods without attention. 

The principal parts of the underwater unit are shown in figure 1. This 
assembly is approximately 18 inches high and the pressure responsive ele¬ 
ment is the bellows A, in the upper part of the Unit. As this is intended to 
perform under a static pressure of approximately 100 feet of water, it is held 
in extension by a comparatively stiff spring B. Bellows A forms a closed 
air path with another (bellows D), which is directly underneath it in the 
drawing. The second bellows is a relatively weak structure and will re¬ 
produce the motions of the first bellows. It can be seen that if a great 
difference in static pressures occurs, the lower bellows will be forced to the 
length of its travel. Compensation for changes in static depth and for 
tides is accomplished by installing a capillary tubing, C, to connect the air 
inside the bellows to the chamber immediately surrounding the bellows. 
This consists of a 6-foot length of copper tubing with a bore of approxi¬ 
mately 17-thousandths of an inch. The actuating rod from bellows D is 
connected to move a coil of wire, E, at the lower end of the unit. This coil 
of wire is placed in a very strong magnetic field and small movements of the 
coil produce a voltage proportional to the speed of movement of the coil. 
These voltages would be the first derivative of the displacement taking place. 
However, it will be shown that the actual displacement is recorded. A two- 
conductor cable emerges from the unit and is connected to the recorder 
located on shore. 

The principle of the electrical recording element is merely a description 
of a commercial fluxmeter galvanometer 1 . This is a taut suspension gal¬ 
vanometer which has a small magnet attached to the lower end of the gal¬ 
vanometer coil. The orientation of this small magnet is to oppose the flux 
leakage caused by the main magnetic assembly. x\s a signal is applied to 
the galvanometer, it tends to rotate the coil. In the usual galvanometer, 
the torque of the suspension will cause an equilibrium position for a given 

* Development of the instruments was supported b\ the Bureau of Ships,Nav\ Department. Theauthor 
is indebted to Lawrence \ Thaver and Trank J Mather for con^trui tion and held te&tingof the equipment. 
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voltage being applied to the galvanometer. In the case of this device, the 
small magnet is rotated so that a correction torque is applied in the direc¬ 
tion of the rotation. This can be adjusted to be very nearly equal to the 
torque of the suspension and is adjustable by a field strength adjustment. 
The result of this compensation is to have, very nearly, a free drifting coil 
which will follow the motions of a search coil in a magnetic field. This 
results in a rotation of a mirror proportional to the movements of the exter- 
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nal bellows of the underwater unit. In the commercial fl uxm eter recorder,* 
a photoelectric follow-up system allows recording of ink on paper. The 
fluxmeter galvanometer has been incorporated in a recorder built at Woods 
Hole and is illustrated later. It was possible to install a Bourdon tube 
in the recorder so that simultaneous pressure changes and electrical indi¬ 
cations of the pressure changes could be recorded. These are illustrated 
by figure 2. The pattern at the top is produced by machine and illustrates 
a changing wave period from approximately 2§ seconds up to 10 seconds. 
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The center and bottom patterns show how the electrical recording method 
follows the pressure changes. It can be seen that, in a few places, where 
essentially a static pressure has developed, the electrical recording tends 
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Figure 2. 

to center. This is due to the fact that the fluxmeter galvanometer has 
the compensation device set to center slowly in the event that some dis¬ 
turbance has thrown it off scale. In addition, the slow leak has an effect 
here* The response to w T aves of various periods show it to be reduced to 90 
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per cent of its \ alue, with a wave period of 44 seconds, compared to 100 per 
cent at 4 seconds. 

The recorder, underwater unit, and power supply are illustrated in 
riGUKE 3. This is the recorder that produced the simultaneous records of 
figure 2. The recorder weighs approximately 25 pounds and the under, 



Figure 3. 


water unit with ring weighs approximately 35 pounds. The power supply 
is an ordinary 6-volt storage battery. Approximately 1,000 feet of light 
„ rubber cable is illustrated. This equipment is convenient for measuring 
waves in protected areas and harbors. It can be set up in the space of an 
hour or two. An installation of this equipment is shown in figure 4. 
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This is a large wooden box which has been fastened in place on the beach 
by stakes driven into the ground. In this particular case, the underwater 
unit was one mile off shore in approximately 85 feet of water. All the re¬ 
cording equipment is in this box and, after final adjustments are made, the 
box is closed and left to operate continuously or to take a 20 min ute record 
every 3 or 4 hours. A set of records from this installation is shown in 
figuke o. Each strip represents approximately 10 minutes of recording. 
This is a bottom pressure representation of surface waves and it can be seen 
that much manual work is required for extracting data. 

It became of interest to find hidden components in ocean waves and we 
started the development of an ocean wave analyzer. British developments 3 
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had preceded us in the held, thus the construction of an ocean wave analyzer 
was not original with us As a first step in this direction, we developed a 
recorder to provide a record for mechanical analysis. The most simple 
record that would be useful in many ways was a half white, half black, 
record. The pressure pattern appears similar to a profile of the sea surface. 
The optical system of this recorder is shown in figctke 6 . This is a plan 
view of the recording system. Lamp A is a line filament lamp with its fila¬ 
ment in a horizontal position. Light from this lamp is collected by lens B 
and an image of the filament is produced at knife edge C. At this point a 
small portion of the light is cut off so that a cold filament end would not be 
reproduced on the photographic paper. This light is reflected by mirror D 
and is collected by lens E. After being reflected by fluxmeter mirror F and 
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mirror G, the image is focused on the recording paper. The portion of the 
image that corresponds to the cut off point at knife edge C is intended to fall 
near the center of the paper. This results in a bright line of light which has 
an abrupt halt in illumination. As the recording paper moves in an upward 
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Figure 5 



direction, fluxmeter mirror F is rotated by the pressure fluctuations and the 
line of light moves across the face of the paper. As a result, half the photo¬ 
graphic paper is exposed and a profile pattern is produced. Components 
J, EL, L, M, and N are introduced to provide a visual filament image at a 
viewing slit, so that fluctuations can be observed. 
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We have added a control box, so that the program-switching clock and 
controls are contained in a unit separate from the recorder. The recorder is 
usually mounted by fastening a brass plate to the floor with long bushings 
and lag screws. The recorder has three legs with adjustments and this is 
placed over the brass plate. Locknuts are provided on each side of the brass 
plate so that positive and rigid leveling is obtained. 

A few records from this instrument are shown in figure 7. These were 
obtained off Cuttyhunk, Massachusetts. The width of the tape is 35 mm. 
and the timing marks are at 30 second intervals. The record is first received 
as a 200 foot roll of exposed tape. It is photographically processed and 
dried. 
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Figure 7 


The analyzer for these tapes is shown in diagrammatical form in figure 8. 
Operation is as follows: A 5 foot, 4 inch strip of record is placed around the 
circumference of a 20-inch drum, B. This is approximately 19 minutes of 
recording. Close to the circumference of the drum, shown by the block 
marked “photoelectric scanner,” is a source of illumination, a lamp and a 
photoelectric cell. A portion of the record is illuminated and an image of 
the illuminated section is produced at a point in the box. At the point of the 
image, a set of slits is provided and unwanted portions of the record can be 
blocked out. The portion of the image desired passes through the open slide 
and falls on a photocell. As the drum is rotated, the photoelectric scanner 
sees the wave record as a bundle of frequencies. The signal from this por¬ 
tion of the circuit is sent through a fixed frequency filter. The frequency is 
approximately 125 cycles. The signal resulting from this filter is amplified 
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Feedback 

Tigirf 8 Ocean Wa\e \naly^er Mechanical Diagram 



Figure 9 


further and a portion of the signal is sent back to the last stage of the first 
amplifier so that better selection is obtained 
The final output of the amplifier is rectified to operate the pen arm of the 
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instrument. The rest of the device is to move the chart table to a position 
corresponding to various speeds of the drum. The wave spectrum is ob¬ 
tained by speeding up the drum and allowing it to decelerate slowly. 

The chart table is moved in the following sequence of operations. Disc C, 
with motor A which is a brass disc, approximately 9 inches in diameter, 
rotates at the same speed as drum B. On the face of this disc, a small 
leather roller D rolls by friction contact. This is attached to shaft E, which 
is free to rotate, and the bearings are made so that it can move along its 
length. However, it is constrained in this lengthwise motion by a worm 
cut on the end of the shaft, which engages a worm gear attached to motor F. 
This is a synchronous motor. The action of the worm on the worm gear 



Figure 12. 


is such as to cause the shaft to progress to the left, as disc C rolls roller D. 
However, the action of the motor F is to move the shaft to the right. The 
constants are adjusted so that shaft E must rotate at 120 r.p.m. to remain 
at a fixed position. At low speeds, roller D is near to the circumference of 
disc C and at high speeds D is near the center of disc C. The end motion of 
shaft E is connected through a system of cables to the chart table B. The 
chart used is calibrated for particular recording tape speeds. A picture of 
the analyzer is shown in figure 9. The drum B is shown in the background 
with a wave record around its circumference. 

Figure 10 shows analyses of waves during a near hurricane, September, 
1946, which passed off Nantucket, Massachusetts. 
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We intended to install some of our equipment at Bermuda and, in the fall 
of 1946, two of our field personnel went to St. Georges, Bermuda, and in 
months following, they installed an underwater unit southeast of Castle 
Harbor. The area concerned is shown in figure 11. The underwater unit 
was first placed in approximately 130 feet of water and the cable was placed 
in Castle Harbor and Ferry Reach to allow recording at the Bermuda 
Biological Station. The length of the cable was approximately 5 miles. 
The underwater unit was identical to one shown in figure 1. It was 
mounted to the top of a 450-pound concrete block with steel straps forming 
an apex over the unit. The block was approximately 2 feet square and 1 
foot thick. Much difficulty was found in retrieving this anchor unit as it 
was found to be too heavy for this type of work. A later arrangement is 
shown in figure 12. It consists of a frustrum of a cone, built of light steel 
rod covered with wire screen. In addition, several cable coils were placed 
so that the unit could be retrieved and a light cord fastening each coil of 
cable would be broken. In this way, the unit could be brought to the sur¬ 
face without actually raising any of the original cable. 
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UTILIZATION OF WAVE FORECASTING IN THE 
INVASIONS OF NORMANDY, BURMA, 

AND JAPAN 

By CHARLES C. BATES* 

Hydrographic Office, Navy Department, Washington, D. C.f 

Introduction . War, grim destroyer of society, provided an unusual 
stimulus to ocean wave research in the years 1942 through 1946. Theory, 
observation, and prediction of sea, swell, and surf made the greatest strides 
in their history during this brief five-year period. The time already seems 
long ago when only the vaguest concept existed of the growth and decay of 
ocean waves and their ultimate transformation into breakers. Even in the 
early part of 1942, methods for observing and predicting these phenomena 
were essentially qualitative. The French had established a forecasting 
service for the open roadsteads of North Africa in the early 1920 , s, but re¬ 
sults were still crude twenty years later. Naval meteorologists had done no 
better, and were accustomed to discussing wave conditions according to sea 
scales in which the terms might well mean different things to the man in a 
small boat and to the man aboard a battleship. 

The groundwork for the quantitative forecasts of sea, swell, and surf 
required by large-scale amphibious operations was laid in both Great 
Britain and the United States during 1942. In that year, Instructor Com¬ 
mander C. T. Suthons, R.N., of the British Naval Meteorological Service, 
correlated a number of wave observations with wind conditions and pre¬ 
pared a memorandum which contained certain “rules of thumb” and crude 
forecasting graphs. About the same time, Mr. W. H. Munk in the Oceano¬ 
graphic Section, Directorate of Weather, Headquarters, Army Air Forces, 
was assigned the problem of developing wave generation and decay diagrams 
which could be used for the invasion of North Africa. For the same inva¬ 
sion, Commander R. Steere, U.S.N., prepared the first quantitative surf 
observation code. This code, named after its originator, was eventually 
revised and is now the currently used Combined Surf Code. 

During early 1943, Mr. Munk worked with Dr. H. U. Sverdrup, Director 
of the Scripps Institution of Oceanography, to develop a technique of wave 
forecasting based on theoretical, as well as empirical, considerations. By 
July of that year, the necessary relationships had been established and a 
group of eight Army Air Force meteorologists, including the writer, was 
already assigned to study and test the embryonic forecasting method. Trial 
“hindcasts” made for the North African coast from the Northern Hemi¬ 
sphere Weather Map Series by this group indicated that the technique could 
be used by meteorologists after a relatively small amount of training. In 

* Oceanographer. U. S. Hydrographic Office. . 

t The views expressed in this articleare solely those of the author and are not to be construed many sense 
'* being the official viewpoint of the Navy Department. 
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fact, the short course in military oceanography built around the technique 
and taught at the Scripps Institution of Oceanography was cut in duration 
from the original three months to one month as refinements and organized 
material became available. 


Wave Forecasting for the Xormandy Invasion * 


When, in the fall of 1943, Lieutenant J. C. Crowell, A.U.S., member of 
the initially trained group, arrived in England and was assigned the task of 
preparing wave forecasts for the operations of the U. S. Assault Training 
Center at Woolacombe, Devon, many problems were still unsolved. These 
included such fundamental questions as the type of wave height the generat¬ 
ing graphs provided, the manner in which waves were transformed into 
breakers while passing through shallow water, the effect on wave height 
when the waves approached the coast at an angle, the effect of opposing and 
follow ing tidal currents, and the relationship between wave conditions and 
the efficiency of an amphibious operation. Answers to most of the problems 
had to be forthcoming within the next few months, for General Dwight 
Eisenhower, U.S.A., arrived in Great Britain during January, 1944, to 
organize Operation OVERLORD, the invasion of Xormandy. 

It was evident to all concerned that the success of Operation OVERLORD 
hinged upon the efficiency of the flow of troops and supplies across the 
beachheads. Even with favorable weather, it was estimated fifteen weeks or 
more would be required to transport as many Allied divisions across the 
English Channel as the Germans had available in Northern France and 
Belgium 1 . To provide a satisfactory wave forecasting service for this 
operation, Captain L. G. Garbett, C.B.E., R.X., Director of the Naval 
Meteorological Service, collaborated with Colonel T. S. Moorman, Jr,, 
U.S.A., Staff Weather Officer to the 9th Air Force and the 1st U. S. Army, 
in establishing the Swell Forecast Section, Admiralty. Organized with 
the approval of Commander R. Steere, U.S.N., aerologist to the Commandei 
of U.S. Naval Task Force 122, the Section finally consisted of one British 
meteorologist (Instructor Lieutenant H. W. Cauthery, R.N.), two American 
meteorologists (Crowell and the writer), two American enlisted men (Tech¬ 
nical Sergeant E. A. Lochner, A.U.S., and Sergeant E. L. Hynes, A.U.S.), 
and two WRNS ratings. Housed two floors underground, the Section had 
direct access to Admiralty's Forecast Section with its wealth of weather 
data and excellent communication facilities. The name, Swell Forecast 
Section, w T as not intended as a pun but rather as a security measure to direct 
thought away from the fact that the invasion might be scheduled for beaches 
not directly exposed to ocean swell. 


• The writerVishes to point out that the results described in this paper were due to the combined efforts of 
the personnel ot each of the wave forecasting groups with which he was associated. It is to be stressed that 
the paper should not be construed as a complete history of wave forecasting in the war theatres 
There were several hundred meteorologists trained in the technique, and ft is beyond the writer’s scope to 
adequately and accurately describe their work in the field. ^ 
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The objects of the Section were to develop the technique of forecasting 
sea, swell, and surf, and to provide forecasts on the basis of this technique 
for the invasion of Europe. The technical problems facing the Section were 
four in number; (1) to forecast the height and period of ocean swell coming 
from the Atlantic; (2) to determine the extent to which this swell would 
penetrate the English Channel; (3) to forecast the height and period of 
waves caused by local winds in the Channel; and (4) to study the effects of 
shallow water, tidal currents, and coastal irregularities on waves. The 
final aim, of course, was to forecast surf heights on specific beaches. The 
investigations were carried out under two handicaps, security and limited 
time. Although the date, place, and other details of the impending opera¬ 
tion were known to the Section, security measures were so rigid that wave 
researchers in the States could not be contacted concerning the problems 
mentioned earlier. As only three months were available, the empirical 
approach was adopted as the one most likely to provide the necessary in¬ 
formation. 

The first task undertaken was the organization of a synoptic network 
which eventually totaled fifty-one wave reporting stations (figure 1), and 
was probably the largest of its kind ever organized. In the main, the sta¬ 
tions were His Majesty’s Coast-guard lookouts, manned by retired seamen. 
Visual observations made at these stations were reported in a seven-figure 
group, HHHPPM, where II is the station number, HH the average wave 
height in feet, PP the average wave period in seconds, and M the difference 
in feet between the height of the maximum wave observed and the average 
height. Daily observations were made at 0700, 1300, and 1800 GMT for 
an interval lasting three minutes and included a wave count and an estimate 
of the height of each wave breaking during that time. Rocks or other 
objects of known size occurred in the surf zone at a few of the stations and 
aided in the estimation of height. As soon as observations were made, the 
data were phoned to district headquarters and then relayed as a collective 
by teleprinter direct to the Admiralty. To study the exposure of each 
location and to provide the necessary instruction, all the stations were 
visited by one or more members of the Section. Although visual observa¬ 
tion is subject to considerable error, the close spacing of stations permitted 
checks of one against the other, and the large amount of synoptic information 
supplied was invaluable for verification and research purposes. 

Four of the stations (Padstow, Pendeen, Weymouth, and Newhaven) 
had aneroid pressure-recorders installed in comparatively deep water by the 
Director of Mine Design. Reports from these stations, made in the same 
fashion as those from the visual stations, were extremely valuable in check¬ 
ing the visual reports and in providing data on waves in deep water. 

A special reporting station was also established at Weston Mouth. This 
location was chosen because it is protected from Atlantic swell and the 
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maximum fetch available is similar to that of Seine Bay, the site of the 
assault beaches. The station consisted of seven dan buoys, topped by 
graduated poles, and laid at equal intervals along a straight line to seaward. 
Observations were made by sailors five times daily with the aid of a grati- 
culed theodolite and stop watch. Howe\er, the unusually calm spring 
weather prevented the achievement of the purpose of the station, the 
acquisition of a large group of reliable observations on the transformation of 



Figure 1 . Index map shoeing location of English wave reporting stations and the invasion beaches of 
Normandy (for names of stations and beaches, see table 1). 


waves moving into shallow water. In fact, the station reported waves one 
and one half feet or higher on only forty-two occasions in four months of 
operation. 

Wave information of lesser value was received from three anti-aircraft 
“forts” in the Thames estuary, from high-speed motor launches on night 
patrol out of Dover, and single-engined aircraft (P-51s) flying weather 
reconnaissance over the Channel. Checking of wave conditions on the 
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assault beaches proper was carried out by studying aerial photographs of 
the beaches. This was accomplished by determining the depth of breaking 
from these photographs by referring to special tidal data and beach profiles 
prepared for the invasion and then converting depth of breaking into 
breaker height by assuming breaking occurred in water one and one half 
times deeper than the height. This method, although crude, indicated no 
greater error in the forecasting technique being employed. 


T\ble 1 

W we Reporting Stations vnd Ass-volt Benches 


Xi im- 
btr 

Station 

Num¬ 

ber 

Station 

1 

Sennen 

45 

Selsev Bill 

2 

Cape Cornwall 

46 

East Beach 

3 

Go Irevy 

47 

Bognor Regis 

4 

Fistral Beach 

48 

Littlehampton 

5 

Prah Sands 

49 

Worthing 

6 

Loe Bar 

50 

Newhaven 

7 

Woolacombe 

51 

Kemp Town 

8 

Constantine Ba\ 

52 

Cuckmere Haven 

9 

Pendeen 

53 

Birling Gap 

11 

Black woo ;1 Point 

54 

Holywell 

12 

AtherGeld Point 

55 

Eastbourne 

13 

St. Catherine’s Point 

56 

Pevensy Ba> 

14 

Wood} Point 

60 

Sizewell 

15 

Foreland 

61 

Dunwich 

21 

Seven Rock Point 

62 

Benacre 

22 

Charmouth 

63 | 

Lowestoft 

23 

West Bay 

64 ' 

Gorleston 

24 

Abbotsbury 

65 

Southwold 

25 

Langton Herring 

66 

Polling 

26 

Fortuneswell 

67 

Mundesley 

27 

Osmington 

68 

Cromer 

28 

Osmington Mills 

69 

Cley 

29 

Lulworth Cove 


Assault Beaches 

30 

Orcombe Point 

a-1 

i Utah, American 

31 

Budleigh Sallerton 

a-2 

Omaha, American 

32 

Ladrara Bay 

b-3 

| Gold, British 
j Juno, British 

33 

Sidmouth 

b-4 

34 

Beer Head 

b-5 

Sword, British 

35 

Weston 

b-6 

' Band, British 


Fort Reports* S, Sunk; K, Knock; T, Tongue. 


Early forecasting of the Section was directed toward predicting swell 
conditions at Land’s End. A fair degree of success was achieved, although 
the rigid accuracy desired was not obtained in all cases. Work was also 
initiated into determining how far swell penetrated the upper reaches of the 
English Channel. Cornish 2 and various coast guard personnel had men¬ 
tioned that swell occasionally penetrated at least as far as Bournemouth 
Bay. After studying the observations of the wave reporting stations, it 
was found that long-period waves rarely appeared at stations east of Start 
Point. By analogy, it was to be expected that swell approaching the 
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assault beaches from south of west would be cut off by the Cotentin Penin¬ 
sula and that swell from a direction close to due west, even though of ap¬ 
preciable height off Cherbourg, would be considerably reduced in height 
at the beaches. From this and certain theoretical considerations, it was 
decided that only extremely high swell from the west would need to be taken 
into account in forecasting surf heights on the beaches in question and that 
such waves would diminish to less than half their original height. This 
conclusion was verified on October 14,1944, when the first really noticeable 
swell appeared at Omaha Beach with breaker heights of 2 to 3 feet and a 
period of 9 seconds, although heights of 12 to 15 feet were reported off 
Cherbourg. During the summer months, such a situation was unlikely 
and the problem resolved itself into forecasting waves and surf resulting 
from local winds. 

Fetches in the central part of the Channel and at the assault beaches were 
rarely greater than 120 miles. Verification of forecasts soon indicated the 
tremendous importance of correct wind forecasts. To provide accurate 
wave forecasts, i.e ., those with an error of one foot or less in height if the 
heights were less than five feet, and with an error of 2 feet or less if waves 
were greater than five feet in height, wind forecasts had to be in error less 
than one Beaufort force and less than two points (22§ degrees) in direction. 
Forecasts of wave period were unnecessary because variation in the slope 
and period of wind waves did not appear to affect small craft operation 
noticeably. 

Before surf heights could be predicted, it was necessary to estimate the 
effect of shallow water and coastal irregularities upon deep-water wave 
height As mentioned before, a comprehensive theory of these effects was 
not available, and it was decided to obtain a direct relationship between 
observed breaker heights and wave heights computed from generation 
diagrams. Such a technique would also incorporate correction factors 
needed to take into account tidal stream effects, influence of land bounding 
the channel, error in determining wind speed from meteorological charts, 
possible errors in the generation graphs, and several lesser considerations. 
If the necessary relationships between computed and observed data could 
be established for winds blowing onto the English coast, it was hoped that 
similar relationships would exist for winds blowing onto the French coast. 

It was also necessary to determine how the height values extracted from 
generation graphs might be compared to observations which reported both 
average and maximum wave heights, particularly since the maximum height 
reported was often double that of the average height. It appeared that 
small craft operation was concerned neither with the occasional ma xim um 
wave nor with the average value, which is considerably depressed by the 
many small waves present in a wave train. However, a value half way 
between the average and maximum height appeared to be highly useful. 
This value, termed the “Predicted Height,” was used for purposes of com- 
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parison. The value falls amazingly dose to the “Significant Wave Height” 
defined by Sverdrup and Munk about a year later. 3 (See figure 2). 

Although a complicated shoal system existed off part of East Anglia, 
the ten wave observation stations spaced four to fourteen apart along 
that coast proved particularly valuable in working out the relationship 
between computed and observed height. Figure 3 illustrates the results 
of a study the writer made of heights observed during synoptic 

weather situations in which the wind direction held with 15 degrees of a 
given direction for eighteen hours or more during the months April-July, 
1944. The hatched areas of the illustration are the zones in which weighted 
values for over two hundred height values occurred, using both Sverdrup- 



RELATIVE WAVE HEIGHT 
(Height of Highest 1/3 Equals 1.0) 

Figure 2. Per cent of occurrence of relative wave height for sea and swell (after Scnpps Institution of 
Oceanography^ Wave Report No 68). 

Munk 4 and Suthons generation graphs. It is evident that, for waves ap¬ 
proaching along the normal to the beach, the Sverdrup-Munk values were a 
trifle high. This discovery caused the Swell Forecast Section to apply a 
reduction of 10 per cent to values computed by this method to obtain breaker 
height. The computed Suthons values were much higher than the observed 
heights. Because of this, and because the Sverdrup-Munk curves were 
presented in a much more usable fashion, the latter curves were used in all 
operational forecasting. Other theoretical and empirical considerations 
likewise indicated that the increase in height of wind waves at the time of 
breaking could be neglected, a fact substantiated by later wave research. 

Because the East Anglian stations had an accumulative exposure of about 
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268 degrees, the observations provided a due as to the extent heights were 
reduced when waves approached the shore at an appreciable angle. The 
spread of values for different angles of refraction is shown in figure 3, 



Figure 3. Variation of wave height with angle of approach to shore, according to observations made 
along the East Anglian coast. 



Angle Between Deep Water Wave Crest and Bottom Contour at Point of Breaking 

Figure 4. Values for reduction of wav e height by refraction according to theory and two sets of empirical 
datr 


while the values used in the Swell Forecast Section are given in figure 4. 
It will be seen that the values used are in good agreement with the theoretical 
values given for a simple beach in the subsequently published “Breakers and 
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Surf, Principles in Forecasting” 6 for refraction angles less than forty degrees, 
but that considerable discrepancy occurs for greater angina 
The empirical values obtained for angles of refraction between ninety and 
one hundred and eighty degrees were particularly valuable because the tech¬ 
nique of preparing wave refraction diagrams as developed by O’Brien and 
associates 6 was unknown to the Section at that time. 



Fibuxi s Computed \cisus obseived wave height*! for different tidal stages at Cley, Norfolk. 


A third interesting feature found in the East Anglian data was that heights 
observed at certain stations within two hours of low water were inexplicably 
lower than the computed heights. This reduction, which averaged about 
twenty per cent, was particularly well evidenced in the distribution of 
height values for Cley, Norfolk, where the observations made more than two 
hours from low tide center about the ratio of 1:1 for observed versus com¬ 
puted heights, but the observations within two hours of low tide have only 
one value with a ratio greater than 1:1. (See figure 5). Investigation 
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indicated that there should be no appreciable error in observing at low tide, 
because the water line retreated only one hundred and fifty feet or so in 
most cases. The irregular offshore bottom topography likewise appeared 
to be incapable of causing the unusual decrease. In fact, one of the stations 
with a relatively smooth offshore profile had a greater height reduction than 
stations with irregular profiles. A third possibility was that strong tidal 
streams opposed the forward motion of the waves and caused a pronounced 
loss of wave energy offshore through partial breaking. This effect is 
believed to be the cause, inasmuch as this is a region in which the time of low 
water coincides roughly with the time of the strongest northerly-flowing 
tidal streams. Since these tidal streams range from 1.0 to 1.5 knots at 
neaps and from 2.0 to 2.5 knots at springs, and most of the situations 
studied were for waves approaching from the north, it is highly probable 
that the tidal streams acted as a partial breakwater. This phenomenon of 
opposing tidal streams acting like a breakwater has long been mentioned in 
the literature, one of the more remarkable examples being reported in the 
Shetlands by Stevenson 7 during the last century. 

The tidal current effect on wave height was given additional scrutiny 
because one of the basic publications on English Channel weather main¬ 
tained that the sea conditions raised by winds in the Channel depended 
largely upon the tidal streams. However, the wave observations along the 
Channel coast did not show any undue fluctuations in height, as were ob¬ 
served in East Anglia and as one might be led to expect from this statement. 
Although several stations did report suspicious heights, investigation indi¬ 
cated that the water line receded a considerable distance at these stations 
and reliability of observations made during low tide was open to considerable 
question. It was decided that tidal streams never raised the breaker 
heights if tidal streams opposed wave motion offshore. Tidal streams off 
the assult beaches generally paralleled the shore such that the effect could 
be ignored in forecasting surf conditions there. However, it was recognized 
that strong tidal streams, such as those found off the northeast tip of the 
Cotentin Peninsula, would cause marked changes in deep-water wave char¬ 
acteristics. Before D-Day, the Section believed that only the wave steep¬ 
ness would be markedly changed, the height increase being of the order of a 
foot or less. Subsequent work at Scripps proved this assumption to be in 
error as it was found that the height increase could be two or three times the 
original deep water height if the opposing current were strong enough and 
breaking did not occur. 

When in early April, 1944, the Supreme Headquarters, Allied Expedi¬ 
tionary Forces (SHAEF), required 5-day wave forecasts for the English 
Channel and adjoining sea areas, the Swell Forecast Section had acquired a 
considerable backlog of experience in handling the problems outlined here. 
Preparation of the OVERLORD weather forecasts was the result of fre¬ 
quent conferences held via private secure telephone between three weather 
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centrals (Air Ministry, U. S. Strategic Air Forces, and Admiralty), and the 
three staff meteorologists representing SHAEF, Allied Air Headquarters, 
and the Allied Naval Commander, Expeditionary Forces. After the general 
synoptic picture for the next five days had been decided upon in each of the 
weather conferences, the conferees agreed on the wind forecast to which one 
of the wave forecasters had been listening at Admiralty. Then, either alone 
or in consultation with another wave forecaster, the wind-wave forecast was 
prepared and incorporated with the swell forecast made just prior to the 
conference, in order that the complete wave forecast could be given at the 
dose of the conference. 

From June 15 onward, forecasts for SHAEF were made daily for three- 
day periods, while Allied Naval Commander, Expeditionary Forces, received 
forecasts twice daily for a two-day period. Forecasts were also sent via 
radio to USAAF mobile weather stations in Normandy to aid in preparation 
of forecasts used in unloading operations, and to the Office of the Chief 
Engineer, European Theatre of Operations, for inclusion in the Daily 
Hydrographic Bulletin issued by that activity to the U. S. Ground Force 
Commands. 

The rapidity with which the wave forecasts had to be prepared and the 
control exercised on fetch and refraction values by the complex coastal 
outline caused the Swell Forecast Section to develop “Surf Prediction 
Diagrams” for beaches with different characteristics, namely the British 
group, Omaha, and Utah. The diagram for Omaha Beach is shown in 
figure 6. The polar section of the diagram delineates the maximum 
effective duration for various wind speeds from any direction, with the 
dashed parts of the curves indicating indirect fetches where waves were 
likely to appear because of refraction and diffraction processes even though 
headlands intervened. A comparison was made between the maximum 
effective duration determined from the diagram and the actual duration. 
The lesser value was then entered along with the proper wind speed in the 
generation graph based on the Sverdurp-Munk curves. The wave height 
so determined was reduced by the appropriate correction factor given in the 
rim of the diagram, with the resulting value being considered the predicted 
surf height. 

The accuracy of operational forecasts made in the above manner is of 
interest. Using the definitions given earlier for accuracy of wind and wave 
forecasts and excluding all cases in which wind forecasts were in error, it 
was found that wave forecasts were correct eighty-eight per cent of the time 
for the assault beaches in the period June 6-30. If all bases are excluded 
in which winds were light or directly offshore, because no forecasting skill is 
involved, the forecasts were correct eighty-three per cent of the time for 
the same period. 

In addition to information provided by the Swell Forecast Section, “on- 
the-spot” climatological studies and forecasts of wave conditions were 
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supplied field commanders during the pre-assault and assault phases by 
staff meteorologists such as Steere with Task Force 122 and Lieutenant 
D. W. Pritchard, AUS, with Headquarters, 1st U. S. Army. These mete¬ 
orologists had been supplied with special “Notes on the Sea, Swell, and Surf 
in the English Channel” and pertinent surf prediction diagrams prepared 
just before D-Day which incorporated most of the “know-how” acquired 
during the four months of the Swell Forecast Section’s existence. 


N 



Although the invasion was originally scheduled for June 5th, the passage 
of a cold front caused a 24-hour postponement of D-Day. During the early 
part of the 6th (D-Day), wind waves offshore still averaged three to four 
feet in height with occasional heights from interference as high as six feet. 
All the beaches with the exception of Utah were directly exposed to winds of 
12 to 18 knots, which raised three to four foot surf throughout the day. On 
sheltered Utah, surf heights were two feet and less. This condition remained 
until the afternoon of June 7th, when the northwest winds dropped to 5 to 
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10 knots and permitted waves to be but 1 to 2 feet high on all beaches by 
evening. 

For the next eleven days, wave conditions did not markedly hinder inva¬ 
sion operations. On June 19th, however, a steep pressure gradient between 
a large anticyclone, centered northwest of the British Isles, and a compara¬ 
tively weak cyclone, spreading across France and Spain, caused strong 
northeasterly winds in the Dover Strait and the English Channel. Although 
the naval command ships, USS AUGUSTA and HMS SCYLLA, only 



18 19 20 21 22 

JUNE, 1944 

Figure 7. Waves observed and computed (“hindc&st”) for the area immediately off the Normandy 
Beaches (49° 26^-49° 3(W; 00° 30' W~O0° SONJ). 

reported average wind speeds of about twenty knots and maximum wave 
heights of ten to twelve feet off the beaches, this episode was called the 
“Big Storm,” for seven hundred landing craft were damaged or lost and the 
floating Loebnitz piers on Omaha Beach wrecked beyond repair 8 (See figure 
7). The twenty-four hour forecast for the 19th called for an increase in 
wind strength sufficient to raise wave heights to four feet, but heights of six 
to eight feet actually existed by that evening. A revision prepared a few 
hours after the routine forecast, however, provided sufficient warning, if a 
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storm plan had been placed in effect. Forecasting for the remainder of the 
storm was particularly accurate, the drop in wave heights to operational 
values bemg forecast within two hours of the actual time of occurrence. 

It is interesting to speculate on what might have occurred if D-Day had 
been postponed to the next favorable tidal period which happened to fall 
just before the “Big Storm”. With the large high-pressure cell centered 
just west of Great Britain, the temptation was to forecast light wmds 
mstead of the packing of the isobars and resulting strong northeasterly 
winds which actually occurred over the Channel. If such had occurred, the 
story of the buildup phase on the beachhead, \>y coming just at the time of 
the “Big Storm,” would have been much different than it actually was. 
This particular meteorological type was troublesome throughout the 
s umm er, for it re-appeared several times, though in a less pronounced 
fashion. Even if the northeasterly winds were light during night and 
morning hours and wave heights correspondingly low, reinforcement by 
the afternoon sea-breeze quickly raised heights to four feet or above, a 
value sufficient to shutdown DUKWs transporting cargo to shore from the 
freighters anchored outside the artificial breakwaters. As winds reported 
by weather stations just a few miles inland were generally light and variable 
on such occasions, forecasting from the beachhead itself was the only 
practical solution to the problem. 

If, because of lack of information on surf conditions, work was suspended 
even one hour earlier than necessary, it resulted in the loss of hundreds of 
tons being off-loaded. In a similar fashion, any delay in resumption of 
operations after a siege of high waves cost valuable operational hours. To 
reduce this loss, British and American beachhead commands utilized both 
the forecasts from Admiralty and special forecasts prepared locally, the 
latter being more up-to-date because of slow communications between 
England and Normandy. The Flag Officer, British Assault Forces, had his 
own mobile weather station under Lieutenant J. H. C. Fulford, R.N.V.R.; 
Chief Warrant Officer White, U.S.N., at Cherbourg provided U. S. naval 
beach activities with necessary information; and Lieutenants D. W. 
Pritchard, AUS, and R. 0. Reid, AUS, issued wave predictions required by 
the U. S. Army Commands. After the breakout, it was evident that the 
American beaches required a weather station of their own and could no 
longer rely on weather units at air fields. Under the co mman d of Pritchard, 
Detachment YK of the 21st Weather Squadron, 9th Air Force, issued its 
first forecast on this new basis during September 12, 1944. As operations 
over the beaches did not cease until mid-November, the beach commands 
became increasingly weather conscious. Work initiated by the writer, after 
a visit to the beachhead in July, indicated a relationship so pronounced 
between wave height and the amount of tonnage discharged that wave 
forecasts actually became quantitative estimates of the scale of the next 
day’s activities (pigtoes 8 and 9). This work was then developed by 



BATES* WAVE FORECASTING IN INVASIONS 559 

Pritchard and Reid at Detachment YK on Omaha Beach. SeiwelPs recent 
paper in the Military Engineer discusses in detail the work of this detach- 
ment, 9 therefore, further discussion of this phase is omitted here. 




Tonnage Discharged Daily 


Fiotnut 9. Relation between rate of unloading and the wave height at Omaha Beach, Normandy 


Forecasting for Amphibious Operations in the Bay of Bengal 

Faced with the necessity of taking landing craft across the Bay of Bengal 
during the southwest monsoon, the Royal Navy transferred the Swell 
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Forecast Section, Admiralty, to the Joint Meteorological Centre, Colombo, 
Ceylon, in late 1944, to supply wave forecasts for the Southeast Asia Com¬ 
mand and the British East Indies Fleet. Through the courtesy of the 
American Army’s weather service, the key American personnel (Crowell, 
Lochner, and the writer) remained with the unit. 

The problems facing the Swell Section, as it was called following the 
transfer, were as fully numerous and intriguing as those which had faced the 
group before OVERLORD. Tropical meteorology did not possess methods 
of determining wind speed and direction with the accuracy desired in wave 
forecasting. The strong southwesterly winds of the monsoon were pre¬ 
dominantly offshore for the area in which synoptic weather reports were 
available, but onshore in the assault areas, where there was little synoptic 
weather information. Fetches were now of the order of hundreds and 
thousands of miles, rather than the tens of miles found in the English 
Channel. The entire Bay of Bengal was exposed to southerly swell that 
could originate anywhere in a vaguely observed oceanic expanse stretching 
southwards as far as Antarctica. Forecasting the amount of height increase 
resulting from interference between different swell trains was also considered 
an outstanding problem after it was observed that breakers averaging three 
to four feet in height at Colombo were sometimes accompanied by maximum 
heights of fourteen feet. 

As in England, the first work accomplished was the organization of a wave 
reporting network. This time the synoptic net composed of twenty stations 
was over three thousand miles in length (figure 10 and table 2). Two 
reports were made daily of average and maximum breaker height, average 
period, and the angle which the breakers made with the beach. During 
the organization of this network in February and March, 1945, each of the 
stations, with the exception of Cocos and Diego Garcia Islands, was visited 
by a member of the Swell Section for instructional purposes. Because of 
the nature of travel in Asia, these visits were often extremely interesting. 
For example, when Crowell visited Saugor Island, in the delta of the Ganges, 
he found himself the center of attraction for the entire populace, since he 
was the first white man to enter those parts in many years. The Admiralty 
Research Laboratory, Teddington, England, also cooperated i ti the observa¬ 
tion program by sending two technicians, Mr. Alexander and Lt. Ogilvie, 
RNVR, to install and maintain two pressure-type wave recorders. In order 
to determine whether there was a suitable installation site along the Arakan 
coast, Crowell flew behind the Japanese lines in a light airplane. He de¬ 
cided that shallow offshore profiles and living problems eliminated this 
possibility, even though British troops were advancing rapidly enough to 
secure any site selected. Plans were then made for installing the instru¬ 
ments at Colombo and Addu Atoll, and this was accomplished during the 
summer of 1945. 

Although the Swell Section knew that the initial landing for which fore- 
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Table 2 


Wave Reporting Stations Established to Aid Wave Forecasting for Bay of Bengal 


dum¬ 

ber 

Station 

Num¬ 

ber 

Station 

1 

Cocos Island 

9 

Madras (tw'o) 

2 

Diego Garcia 

Addu Atoll (two) 

10 

Cocanada 

3 

11 

Vizagapatam 

4 

Colombo 

12 

Puri 

5 

Kogalla 

13 

Sandheads Lightship 

6 

Ilambantota (two) 

14 

Saugor Island 

7 

Trincomalee (two) 

15 

Chittagong 

8 

Negapatam 

10 

Cox’s Bazaar 
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casts were required was on the Burmese coast, the exact location for the 
first operation was made known only two weeks in advance. This opera¬ 
tion, termed DRACULA, was the invasion of Rangoon in the delta of the 
Irrawaddy. The shortage of time prohibited detailed study of hydro- 
graphic data and aerial photographs, as desired. It was evident that fore¬ 
casting for this region would be particularly difficult because tidal streams 
reached velocities as high as 7 knots, and shallow water extended miles to 
sea (figure 11). Fortunately, a Scripps report on the effect of tidal 
streams on waves was available. 10 Detailed study soon indicated that the 
problem was not solved by any means, for the Scripps study assumed deep 
water, and did not treat with the loss of energy waves experience in passing 
through tens of miles of currents continually increasing in speed. 

Wave forecasts were particularly desired in the assembly area offshore, 
where there was approximately a three knot current and the mean depth of 
water was about thirty-eight feet. The correction technique suggested by 
the Scripps report on tidal currents, when augmented by the correction for 
change in height due to shallow water, appears to give values for wave height 
that compare favorably with those actually experienced at the site. Sample 
values obtained by this method are given in Table 3. 

Considering the vastness of the area, the meteorological and wave observa¬ 
tion network for DRACULA was unusually good. A submarine, HMS 
STRONGBOW, was stationed just west of the northern tip of Sumatra, and 
the Second Weather Reconnaissance Squadron, U.S.A.A.F., arranged a 
special series of flights, termed the DEVIL missions, to the Andaman Sea 
(figure 10). To insure high caliber wave observations, Lochner accom¬ 
panied each of these flights as a wave observer and spent over one hundred 
hours in the air during the ten-day period. Hourly wave observations were 
radioed with the hourly in-flight weather reports to Calcutta and thence to 
Colombo. Although made from fast medium bombers (B-25s), the wave 
observations were gererally of high caliber. Wind wave and swell heights 
were estimated while flying from 50 to 100 feet above the water, and wave 
period and direction of travel in deep water were generally obtained between 
altitudes of 1,000 to 4,000 feet. Along coastlines, period and direction were 
obtained through close scrutiny of breaker zones at lower altitudes. To 
make certain that undetected, low, long-period swell was not entering the 
area, the flights swung over Preparis Island, where surf on variously oriented 
beadies could be readily studied. 

At the time of the operation, very low southwesterly swell from a broad, 
shallow low pressure area in the region of the Andaman Islands was present 
in the assembly area and combined with waves 2 to 4 feet high, formed by 
local winds. Low southerly swell from a tropical storm at about 10 degrees, 
south latitude, also arrived during the operation but was of little operational 
significance. The official wave forecast for the assembly area, as prepared 
by the Section, stressed that waves about 4 feet in height would be decreased 
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by half a foot on flood tide and increased by 1 to 2 feet on ebb tide. On- 
the-spot wave forecasts were supplied the invasion fleet by Cauthery, em¬ 
barked aboard the HMS BLACKMORE, one of the participating de¬ 
stroyers. In keeping with the rule, unusually severe weather conditions 
occurred just at the time a major operation was scheduled, as in the case of 
the landings on Sicily, Japan, Leyte, and Normandy. The tropical low 
in the Andaman area threatened to develop into a storm just at the time of 
the operation. Luckily, the storm formed only a small but very intense 
center, about 50 miles in radius, which passed west of the Rangoon area and 
eventually turned inland near Ramree Island without damaging naval 
craft. 

While the forecasts of the Swell Section had been very satisfactory during 
the operation, there was no post-assault requirement for such work. The 
group was free to turn full attention to the problems raised by the projected 
invasion of Malaya scheduled for September 9, 1945. Timing of this 

Table 3 

Proposed Wave Heights for Assembly Area of DRACULA 


Flood tide ' Ebb tide 

(3 knot following current) (2.5 knot o p posing current) 


height (feet) 

Period of 6 
seconds 

Period of 8 
\ seconds 

Period of 6 
seconds 

Period of 8 
seconds 

2 

1.5 feet 

1 1.5 feet 

2.5 feet 

2.5 feet 

4 

3 

3 

5 

1 5 

6 

4.5 

4.5 

1 8 

7.5 

8 

6 

6 

i 10.5 

10 

10 

7.5 

7.5 

i 13 1 

i 12.5 

12 

8.5 

9 

15.5 , 

15 

14 

10 

10.5 

18 1 

17.5 


operation was particularly critical since, it would have used both parachute 
and air-borne troops, as well as troops transported by landing craft. Be¬ 
cause of this, Southeast Asia Command was particularly interested in the 
odds of occurrence when conditions were favorable for landing craft to cross 
the Bay of Bengal during the monsoon. Because the “hindcasting” tech¬ 
nique of establishing sea and swell conditions from past weather maps is not 
readily applicable to this region, it was decided to establish operational 
conditions in terms which could be defined by data available in wind, sea, 
and swell roses for five-degree squares. The problem was far from simple, 
as sea and swell observations are not highly reliable, being predominantly 
descriptive in nature, rather than quantitative. In addition, climatologists 
have usually over-simplified the roses. In so doing, they have often chosen 
climatic breakdowns that included the entire range from favorable to un¬ 
favorable in one category as in the case of wind forces 4 to 7. Determination 
of operational limits of the landing craft in terms of the natural environment 
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was also difficult, but values were eventually assigned that did not arouse a 
storm of criticism. By averaging favorable wind conditions with favorable 
sea conditions, a fairly reliable value was obtained. This was then corrected 
for unfavorable swell conditions which occurred when the first two conditions 
were satisfactory. Computations of this type provided a value for opera¬ 
tional conditions for each five-degree square by months, so that one was 
able to quantitatively compare locations or months, even though individual 
values by themselves contain appreciable error because of crudeness of 
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Fxouxs 12. Probable frequency of suitable conditions for crossing the Bay of Bengal during the southwest 
monsoon, as well as suitable conditions for each 5° “square” (month of July). 


basic data (see figure 12). Routes could be compared by determining the 
lowest and highest values of possible occurrence of acceptable conditions 
along each route and assuming that the true value of acceptable conditions 
in each case lies at some unknown point between the two extremes. The 
best estimate is found by taking the mean of the extremes and comparing 
the values obtained. A technique similar to the one just described for 
routes was also developed to determine probable frequency of various surf 
heights along a long strip of simplified coastline. 11 
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Wave Forecasting for the Projected Invasion of Japan 

During May, 1945, it became evident that large scale amphibious opera¬ 
tions involving Army troops in the western Pacific would require an oceano¬ 
graphic service. To meet this requirement, American personnel of the 
Swell Section were transferred to China and thence to the Philippines to 
form the nucleus of the Oceanographic Section of the Far East Air Forces 
(FEAF) Weather Central at Manila. Once chains of command became 
clarified, it was determined that the Manila weather group held final re¬ 
sponsibility for over-all planning of the Army’s invasion weather service. 
The Oceanographic Section was then instructed to proceed with planning 
and implementation of a wave forecasting service for operation OLYMPIC, 
the invasion of Kyushu. 

Inasmuch as this, the largest amphibious assault in history, would be 
undertaken during winter months over three open beaches with varying 
orientations, wave conditions were bound to be an important factor (see 
piguke 13). To reduce this factor, there were available a back-log of ex¬ 
perience in the subject, experienced forecasters in both Navy and Army, and 
perhaps most important, a realization by the field forces that oceanographic 
forecasts, if properly used, were of definite value in combating this factor. 
Since the Navy had primary responsibility for “staging” and “initial 
assault” phases and the Army primary responsibility during “build-up” 
and “supply” phases, it was only logical to pool the efforts of meteorologists 
from both services to make certain that there would be continuity and 
confidence in the weather service offered to the assault forces. The coordi¬ 
nation was relatively easy in the Manila area because FEAF and 7th Fleet 
Weather Centrals shared the same building and because aerologists to 
Commander, Amphibious Forces, U. S. Pacific Fleet and to the 3rd and 7th 
Amphibious Forces were aboard flagships anchored in Manila Bay. Visual 
wave observations scheduled to begin during September would also have 
been a joint affair. Weather observers at various points on Okinawa, 
Iwo Jima, Ie Shima, Guam, Saipan, Samar, and Luzon and aboard four 
weather ships stationed east and northeast of the Philippines would have 
reported daily at 0700, 1200, and 1600 hours local time in the Combined 
Surf Code. As sea conditions could be inferred from wind data, the weather 
ships would have reported only swell height and direction according to the 
code, swell taking the place of surf in this instance. Observations would 
then have been radioed to Manila for inclusion in the routine synoptic 
broadcast. Installation of wave measuring instruments was not planned, 
because of shortage of time and equipment. 

Meanwhile, as plans for OLYMPIC developed, forecasts were prepared 
for the Transportation Section of Philippine Base Section, operators of 
inter-island shipping. The frequent hurricanes of the s umm er of 1945 soon 
tested the forecasting techniques developed by Commander W. J. Francis, 
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U.S.N., 12 and it became distressingly evident that wind forecasts being 
made in conjunction with these storms were inadequate to serve as the haafc 
for accurate sea, swell, and surf forecasting. One example of this was the 
wave forecasts prepared when typhoon “Queenie” crossed northern Luzon 
from east to west as a weak low during the night of August 5th and reached 
maximum intensity while about 300 miles west of the island on August 7th. 



Fiou&c 13. Index map showing ptoiiosed amphibious assaults against Japan. 


A flight by a Navy hurricane reconnaissance plane indicated waves to be 
about 40 feet high and surface winds in excess of 80 knots in the southern 
quadrant, the sector from which swell would be generated for the north¬ 
western coast of Luzon. 1 * Both Army and Navy forecasts called for 
breakers to be twelve to eighteen feet high along this coast during the 8th, 
yet when Lochner flow north during the morning hours, he found breakers 
to be but two to three feet high! Surface wave observations made just 
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south of the mouth of the Laoag River during early afternoon gave an 
average height of three to four feet and a maximum of six feet or a trifle 
higher. The wave period, if determined from the number of waves in a five 
minute interval, was six seconds; if determined from a series of sharply 
defined waves, seven seconds. The storm continued westward to the 
coast of French Indo-China and wave conditions in the Luzon area soon 
returned to normal. The sharp discrepancy between forecast and observed 
wave heights east of this storm can only be explained by a wind distribution 
entirely different than that expected from the circular isobaric pattern 
customarily drawn for typhoons. Winds observed by the reconnaissance 
flight and by surface ships in the southern quadrant within 150 miles of 
the storm’s center bear out this assumption. Of thirteen reports available, 
only one indicates a westerly wind, while the others range from south-south- 
east to southwest, directions which would provide a generating area so 
oriented that swell would pass to the north of the Philippines. Unfortu¬ 
nately, this anomalous situation was not evident at the time, and the rule 
that wave forecasts are no better than the wind analyses on which they are 
based was verified with a vengeance. 

By the time hostilities ended in mid-August, 1945, the wave forecasting 
service for OLYMPIC had become well defined. The basic sea, swell, and 
surf forecasts required by General MacArthur’s headquarters and the forces 
afloat would be supplied by a joint oceanographic section in the weather 
central building at Manila. This group would also act as the central 
collecting and disseminating agency for surface and aerial wave observations. 
An Army oceanographic meteorologist would have been aboard each of the 
task force flagships to assist the force aerologist and to provide wave fore¬ 
casts required by the staff Army meteorologist. Once beachheads had been 
secured, mobile weather stations staffed by oceanographic meteorologists 
would be established at each beach command to provide weather and wave 
information in a manner similar to that finally developed in France. 

As soon as the beachhead stations were functioning, the army meteorolo¬ 
gists aboard the flagships would have been withdrawn to serve as the plan¬ 
ning unit for the service needed in operation CORONET, the invasion of 
the Kanto plain in eastern Honshu. This, the last scheduled large scale 
landing of the war, would also have been particularly susceptible to wave 
action, for the beach was directly exposed to oceanic conditions and a 
shallow bar offshore would frequently have caused an additional surf zone 
certain to have made difficult the ship-to-shore movement of cargo. 

Conclusion 

Forecasting of sea, swell, and surf conditions in quantitative terms de¬ 
veloped during the early part of World War II and reached maturity within 
three short years. The techniques were basically correct and could be 
modified by meteorologists trained in the methods to provide reliable 
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forecasts for amphibious operations wherever they might be held. The 
value of the information is well expressed in one of the citations given for 
wave forecasting in the Normandy invasion. The citation reads, in part, 
“The work has aided materially in the success of the assault operation and 
in operations on the beach after the assault. The efforts ... have been a 
real contribution to the success of the present campaign.” 
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Discussion of the Paper 

Warrjen C. Thompson (Scripps Institution of Oceanography , La Jolla , 
California) : An unpublicized phase of sea, swell, and surf forecasting was 
developed during the war by the Navy Amphibious Forces in the Pacific. 
This work centered around the Staff Aerological Officer and a team of flying 
aerologists trained in both forecasting and observing wave and beach condi¬ 
tions on enemy beaches. The team was formed with the object of avoiding 
needless losses of men and equipment that might be caused by adverse 
hydrographic conditions in the landing phase of an invasion, such as oc¬ 
curred at Tarawa. The hydrographic information obtained over enemy 
beaches was used by amphibious commanders in maki n g decisions as to the 
desirability of utilizing the designated landing beaches. It also served as 
a guide for boat captains in the initial landing through the surf. 

The three members of this unique reconnaissance team were Lieutenant 
W. M. Johnson, U.S.N.R., Lieutenant D. B. Murphy, U.S.N.R., and 
Lieutenant W. C. Thompson, U.S.N.R* They began their careers as 
observers when they enrolled in the Navy course in sea and swell forecasting 
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which was set up under the guidance of Captain H. T. Orville, U.S.N., at 
Scripps Institution of Oceanography. The course was organized by Dr. 
H. U. Sverdrup, Director of the Institution, who, with the cooperation of 
Mr. W. H. Munk, developed the practical technique of wave forecasting 
which was later to be used by the observers in predicting wave conditions 
for invasions. 

In August, 1944, the three officers were assigned to the staff of the Third 
Amphibious Force, commanded by Vice Admiral T. S. Wilkinson, U.S.N. 
The Hydrographic and Special Beach Observers, as they were unofficially 
designated, were under the immediate supervision of Commander 0. D. 
Finnigan, U.S.N., Staff Aerologist, and were extensively trained by him. 
Their job was essentially to make pre-invasion aerial observations of weather, 
sea, and surf conditions at a given beach, extent and type of obstacles in the 
approaches to the beach, gradient and width of the beach, and any other 
pertinent data. In order to discharge these duties the observers were re¬ 
quired to become proficient in aerial observation, beach hydrography and 
intelligence, photo interpretation, and aircraft communications. In addi¬ 
tion, they were required to have a broad knowledge of amphibious opera¬ 
tions, and a detailed knowledge of swell and surf conditions and their effect 
on amphibious craft and vehicles. 

Trial aerial observations were made on the beaches of Oahu and it was 
found after a little practice that the breaker heights that were observed up 
to 6-8 feet could be estimated quite consistently within a foot of the actual 
height when flying at altitudes of 1000 to 2000 feet. The estimated heights 
were verified by observers on shore. This accuracy of visual estimation 
fixed confidence in the plan of making surf observations from the air. 

The first operation assigned to the Third Amphibious Force, after succeed¬ 
ing the Fifth Amphibious Force in the Pacific offensive, involved the seizure 
of the southern Palau Islands in order to provide airfields for the forth¬ 
coming Philippine invasion. Thompson was chosen to make the first beach 
reconnaissance and joined the advance force at Guadalcanal. He was 
necessarily billeted aboard an aircraft carrier and became a member of the 
flight crew as a Technical Observer. Upon arrival at Peleliu, he made 
frequent pre-D-day familiarization flights in TBM-type aircraft over the 
landing beaches. 

While aboard the carrier off Peleliu, a continuous forecast of sea and swell 
was maintained to determine the wave conditions that should be expected in 
deep water adjacent to the barrier reef which fringed the landing beaches. 
Since no method of forecasting wave heights and breakers over a submerged 
reef had been devised, the swell forecasts were valuable only to give an 
idea of the magnitude of the surf activity. The forecasting procedure used 
was that which was developed by Sverdrup and Munk, and it proved to 
be quite accurate and adequate for its purpose. 

Lieutenant Commander G. H. Heyen of the Royal Australian Naval 
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Reserve, on special duty with the U. S. Navy, also acted as a hydrographic 
observer of the Peleliu beaches. Heyen was engaged because of his ex¬ 
tensive knowledge of tropical weather and sea conditions acquired through 
many years of living and sailing among the coral islands. Before dawn on 
D-day, 15 September 1944, the two observers flew over the Peleliu landing 
beaches until it became light enough to see. Comprehensive observations 
of the surf conditions were then made as quickly as possible, because time 
as well as accuracy was essential, and the information was relayed by 
radio to the flagship of the operation. Three or more passes over a beach 
were required to collect the necessary information, which consisted of 
breaker heights and periods, type of breaker, width of the surf zone, direction 
of sea and swell, and so forth. Flights were usually made at altitudes of 
1000 to 2000 feet, but at Peleliu they were made as low as 20 to 50 feet. 
The Palau landing began about three hours after the hydrographic observa¬ 
tions were completed. The surf conditions for landing were very good and 
breaker heights did not exceed two feet. After the landing the main job 
of the observers was completed. Subsequent observations for invasions 
were obtained by a similar procedure. 

Preliminary invasion plans called for an assault on Yap Island, and 
Johnson and Murphy were assigned to cover the beaches. However, with 
stiff opposition encountered at Peleliu and a weaker enemy air strength than 
anticipated in the Philippines, the Yap operation was canceled. The Yap 
expedition was diverted to the Philippines and was augmented for a landing 
on Leyte, which involved both the Third and Seventh Amphibious Forces 
under the overall command of Vice Admiral Kinkaid, U.S.N., Commander 
Seventh Fleet. Aerial observations of beach and surf conditions were made 
at Leyte by Johnson and Murphy several days prior to and during landing 
operations on 20 October 1944. 

Johnson and Murphy next made observations for the landings in Lingayen 
Gulf. In connection with their sea and swell forecasts, they prepared re¬ 
fraction diagrams for the Gulf, and, on the basis of the diagrams, they made 
recommendations for landing men and supplies on stretches of beach which 
displayed the greatest divergence of wave orthogonals. Their advice was 
well borne out by adverse sea conditions in the Gulf following the operation, 
and for this timely piece of work Johnson and Murphy were awarded the 
Commendation Ribbon. 

Following the Philippine landings, the Third Amphibious Force retired and 
the Fifth Amphibious Force resumed the offensive. It opened with a land¬ 
ing on Iwo Jima on 19 February 1945. Prior to and including D-day, 
Johnson and Muiphy reconnoitered the assault beaches on the west side of 
the island and Thompson covered the alternate beaches on the east side. 
Whenever it was possible, alternate beaches were chosen for landings so 
that, if weather and sea conditions on the main assault beaches made landing 
inadvisable, the alternate beaches might be available for attack. The 
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aerial observalions at Iwo Jima were somewhat hampered by cloudy weather, 
but the sea conditions were found to be very good for the landing on D-day, 
Several days after, however, high surf conditions which were forecasted 
temporarily suspended the landing of vitally needed supplies on the assault 
beach. 

The final set of beach and surf observations were made by the three ob¬ 
servers at Okinawa. On D—7 day Thompson began making observations 
of the Karama Retto, a group of small islands a few miles to the west of 
southern Okinawa. The Retto was occupied because it forms for ships a 
natural shelter from adverse sea and weather conditions. A few days prior 
to D-day, Johnson and Murphy began their reconnaissance of the main 
landing beaches on the west coast of Okinawa and Thompson covered the 
alternate beaches on the southern coast. On D-day, 1 April 1945, condi¬ 
tions for landing were again quite favorable. 

The job of aerial beach observer was not without its hazardous moments, 
aboard ship as well as in the air. Johnson experienced his first real action 
aboard the USS FANSHAW BAY when she was heavily shelled by enemy 
surface craft in the Philippine Sea. Also in the Philippines, Murphy was 
aboard the USS KITKUN BAY when it was badly damaged by a suicide 
plane. Later, Thompson was aboard the USS WAKE ISLAND off Oki¬ 
nawa when she also was damaged by a suicide plane. Thus, for obvious 
reasons the three observers were not generally together aboard the same 
ship during an operation. However, on D + 2 day off Iwo Jima, they 
gathered aboard the USS BISMARCK SEA to take part in a fast carrier 
strike at Okinawa. As fate would have it, two suicide planes attacked the 
ship at dusk, and a short time later she slipped beneath the waves. It was 
fortunate that all three observers were rescued, because there were no 
trained personnel to replace them at that time. 

Toward the end of the Pacific hostilities, three additional aerial observers 
were being trained, but with the Japanese capitulation on 14 August 1945 
the landing beach studies were terminated. As a result of their flight 
activities, the three observers were presented with the Air Medal with 
Gold Star by Vice Admiral Wilkinson, U.S.N., in a Navy Day ceremony 
(1945) in Yokohama. At a later date, each was presented separately with 
the Bronze Star Medal for “heroic and meritorious achievements in the 
carrying out of their assignments as Hydrographic and Special Beach 
Observers.” 
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LIGHT SCATTERING IN SOAP SOLUTIONS 

By P. Debye* 

Baker Laboratory, Cornell University, Ithaca, New York 
Introduction 

Soap solutions exhibit even lower osmotic activity than would be predicted 
if one assumed that soap existed in solution as simple undissociated mole¬ 
cules. Soap solutions also conduct the electric current far better than would 
be expected from the observed osmotic effects. Attempting to explain 
these anomalies, McBain, 1 in 1913, suggested that the fatty soap ions aggre¬ 
gated in solution. Such colloidal aggregations of ions, which were termed 
micelles, would explain the low osmotic activity and relatively high con¬ 
ductivity of soap solutions. 

Since 1913, investigators have shown considerable interest in the deter¬ 
mination of the size and shape of the micelle. McBain 2 proposed two dif¬ 
ferent micelle species, which he said could coexist in solution: one a small, 
spherical, hydrated, ionic micelle, and the other a large, lamellar, weakly 
conducting micelle. While agreeing with McBain that the behavior of 
soap solutions pointed to the existence of micelles, Hartley 3 took the view 
that only the small spherical micelle was feasible. On the basis of geometri¬ 
cal considerations, Hartley 4 calculated that the micelle of a 16 carbon soap 
consisted of approximately SO cetyl chains. He and Runnicles 5 carried out 
diffusion experiments with cetyl pyridinium chloride and calculated from 
their results that the micelle of this soap contained about 70 paraffin chains. 

Ultracentrifuge and diffusion measurements by Miller and Andersson 6 on 
Duponal (sodium salts of sulfated aliphatic alcohols of chain length C 8 to 
Cis) led to a molecular weight of 12,500 for the mixed micelle. 

Hakala 7 has made diffusion measurements on sodium dodecyl sulfate solu¬ 
tions. If a spherical model for the micelle is assumed, the introduction of 
his results into the Stokcs-Einstein equation gives a value of 23.6 A for the 
radius. A molecular weight of about 25,000 (87 paraffin chains per micelle) 
is obtained from this value of the radius if a density equal to that of dodecane 
is taken. 

Vetter 8 studied the sodium salt of sulfonated di (2-hexyl) succinate, 
known commercially as Aerosol MA, and from density, viscosity, and dif¬ 
fusion data calculated an aggregation number of 24 for the micelle. 

Gonick and McBain 9 obtained cryoscopic evidence of micelle formation 
in aqueous solutions of several non-ionic detergents. Assuming ideal be¬ 
havior, their data indicate that a micelle consists of no more than 7 deter¬ 
gent molecules. 

* AU the measurements quoted in this paper have been made by E. W. Anacker in the Chemistry De¬ 
partment of Cornell University, His work was supported by the Office of Rubber Reserve. 
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X-ray work of various German investigators has been cited by McBain 10 
as proof of the presence of lamellar micelles in solution. The more recent 
X-ray work of Harkins 11 and co-workers at the University of Chicago tends 
to dis prove the lamellar micelle theory. Their results may be interpreted 
as showing that the micelle consists of a double layer of soap molecules, 
roughly cylindrical in shape. According to this model, the hydrocarbon 
chains in each layer are in alignment and form the body of the cylinder. 
The polar groups make up the ends of the cylinder. The Chicago group has 
also calculated from their data the number of soap molecules per micelle. 
Their values range from 30 molecules per micelle for a 9 per cent by weight 
potassium laurate solution to 270 molecules per micelle for a 14.1 per cent 
solution of dodecylamine hydrochloride. 

It should be stated, at this point, that the diffusion and ultracentrifuge 
investigations mentioned were carried out in aqueous salt solutions of the 
soaps. Hakala, Hartley and Runnicles, and Vetter found that, above a 
certain salt concentration, the diffusion coefficients were constant and inde¬ 
pendent of salt or soap concentration. According to Vetter, 8 “This be¬ 
havior indicates constancy of micelle size, micelle shape, and degree of 
solvation.. .if these three factors do not change simultaneously in such a 
manner that they neutralize their separate effects. The latter possibility 
seems highly improbable.” The work of the Chicago group indicates that 
the micelle increases in size with increasing soap concentration. Light 
scattering work seems to indicate that the size of the micelle is constant in a 
given solvent in at least a range of soap concentrations above the so-called 
“critical concentration” for micelle formation. It also appears that the size 
of the micelle is dependent upon the salt concentration of the solvent. 

It would not be correct to say that the results from the various methods 
are in complete disagreement, since all of the investigations mentioned were 
conducted under different conditions and, for the most part, with different 
soaps. If the soaps used were the same, the concentrations most likely 
were not. Soap solutions of at least 9 per cent by weight were used in the 
X-ray work of the Chicago group, whereas diffusion experiments by Hakala 
were carried out with solutions whose soap concentrations were about 1.5 
per cent or less. 

Light scattering offers an independent method of determining the number 
of solute particles in a given solution and thus enables one to determine the 
molecular weight of the solute. The quantities which have to be measured 
for such a determination are turbidities of a series of solutions at different 
concentrations and the difference in refractive index between the solvent 
and one solution of known solute concentration. If the particles under 
investigation have a dimension larger than one-twentieth of the wave length 
of the light employed, an additional quantity, the dissymmetry coefficient, 
must be found. This is not necessary for the case in hand. 
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The turbidity r is defined as the fractional decrease of the intensity I of 
the incident beam of light due to scattering per unit length l of its path 


dj 
I dl * 


For small particle dimensions, such as are encountered in soap solutions, 
the angular distribution of the scattered light does not depend on the proper¬ 
ties of the particle and a measurement of the intensity scattered at a 90° 
angle to the incident beam is adequate. 



We have used the simple fluorimeter type of instrument illustrated sche¬ 
matically in figure 1. 

The light source is a low pressure mercury arc (G.E. AH-4), which is 
located at the bottom of the instrument. The primary beam passes upward 
through a lens and monochromatizing filters and is focused in the center of 
the scattering cell, opposite the photo tube. The deflection of the needle of 
a current amplifier connected to the photo tube is proportional to the inten¬ 
sity of the scattered light and hence to the combined turbidity of the solution 
and scattering cell. The proportionality constant is obtained by noting the 
deflection of the needle of the cuixent amplifier when the standard of known 
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turbidity is placed in the instrument. The significant result is the excess 
turbidity of a solution over that of the solvent, which we obtain by subtract¬ 
ing the turbidity of the scattering cell and solution from the turbidity of the 
scattering cell and solvent. 

In order to detect and correct for fluctuations in the primary intensity, 
a glass plate is set at an angle of 45° in the path of the primary beam. The 
light reflected by this glass plate is intercepted by a second photoelectric 
cell. Readings of an amplifier connected to this photo tube give the intensity 
of the primary beam. A voltage stabilizer and ballast lamp are included in 
the electrical circuit to help stabilize the output of the lamp. 

An insulated brass cylinder wound with resistance wire is mounted 
vertically in the instrument so as to surround the scattering tube when the 
latter is placed in position. Turbidities at temperatures ranging from that 
of room to approximately 90°C. may be measured. 

Round bottom pyrex test tubes (25 x 200 mm.) have been used as scatter¬ 
ing cells. Experimentally measured excess turbidities are independent of the 
particular tube used as long as the tube is thoroughly cleaned and oriented 
in the instrument in the same manner for each measurement. 

Two methods can be used to obtain the turbidities of a series of solutions 
of different solute concentrations. With polymer solutions, one may start 
with a 50 cc. portion of solvent in the scattering tube and add to this small 
measured portions of a concentrated polymer solution. Turbidities are 
measured after each addition. With soap solutions, it has been found neces¬ 
sary to alter this procedure since large concentration increments are often 
needed to get appreciable changes in the turbidity. We preferred to make 
up a series of solutions at desired concentrations and to measure the turbid¬ 
ities of each solution separately. This second method takes more time than 
the first, but has an advantage in that each turbidity measurement is an inde¬ 
pendent one. In the other method, the introduction of dust or an error in 
dilution will violate all measurements thereafter. 

Needless to say, all dust and foreign material must be removed from the 
solutions if accurate results are to be obtained. In our work with soap 
solutions, we have found it convenient and satisfactory to remove dust by 
filtering the solutions through a fine sintered glass filter. In scattering 
measurements, it is a good precaution to distill solvents before use. The 
water used in our studies of soap solutions was freshly distilled. 

In general, m — /*o for 1 per cent polymer or soap solution is of the order 
10“ 3 . Since this difference in refractive index between the solution and 
solvent occurs squared in the refraction constant H, its value must be deter¬ 
mined with some degree of accuracy. Ordinary commercial refractometers 
are not adequate for this purpose. A suitable differential refractometer has 
been described by P. P. Debye. 12 We have used such an instrument with 
occasional minor variations of the cell construction. 
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Interpretation of Light Scattering 

The theory of light scattering has been described in greater detail else¬ 
where. 1 ® For randomly distributed, small particles the result of the theory 
may be described by the equation 

_32jt* nl(ji — /i 0 ) 4 1 M 

r ~~3 -V- n* (2) 

where r denotes the excess turbidity as defined by equation 1, /i is the refrac¬ 
tive index of the solution and no that of the solvent. X stands for the wave 
length (in vacuum) of the light and n for the number of particles per cubic 
centimeter. 

Relation (2) may be rewritten in terms of the molecular weight M and 
the concentration c (in grams per cubic centimeter) as follows 

r/c = EM. (3) 

Here, the constant of proportionality H must be derived from refraction 
measurements according to the equation 

32£ J ( /* - n» V 

3 N\*\ c ) w 

where N denotes Avogadro’s number (6.0228 ± 0.0011) X 10 23 . 

According to equation 2, the light scattering from a solution of colloidal 
particles should be proportional to the concentration. This relation, how¬ 
ever, holds only exactly in the limit for infinite dilution. For most solutions 
of polymers, the scattering per particle tends to decrease with increasing 
concentrations. A typical case is illustrated in figure 2, where it is seen 
that the effect is more pronounced the better the solvent. Now equation 
2 depends on two assumptions. One is that the refractive index is a linear 
function of the concentration. This hypothesis can be tested directly by 
refraction measurements and, in nearly all cases, the linear relation is found 
valid to a high degree of approximation. The second hypothesis is, that not 
only in calculating the refraction, but also in the discussion of the total 
scattering the particles can be considered to act independently of each other. 
This last assumption, however, although correct for high dilutions, begins 
already to fail at rather low concentrations, well within the range in which 
experiments are performed ordinarily. 

In order to discuss this interaction effect, we can go back to a theory de¬ 
veloped by Einstein 15 for the additional scattering from a solution as com¬ 
pared to the scattering from the solvent according to which the difference in 
question is due to the spontaneous fluctuations of the concentration. Their 
magnitude, in turn, depends on the osmotic properties of the solution. This 
also implies, of course, that scattering measurements can be used as a sub- 
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stitute for straightforward osmotic measurements. Einstein’s result may¬ 
be written in the form 

_ 32ir 8 /z§ (fjjj/f/d^) 2 

T T NX* d / P\ (5) 

c 9c \j?ry 

where P denotes the osmotic pressure and R = is the gas constant. 
This formula is valid as long as the dimensions of the particles are reasonably 
small compared to X. The variation of n with c may be determined in an 



Figure 2. Turbidity of polystyrene in benzene-methanol mixtures (McCartney**). 

auxiliary measurement; as mentioned above it is usually linear, so that 
— may be replaced by (jjl — juo)/c. Thus, we are led to transform equa- 

0C 

tion 5 into 



in which B is the same refraction constant as defined by equation 4. 

For dilute solutions, according to van’t Hoff’s law, P/RT is equal to c/M 
and equation 6 simplifies to equation 3 in this case. 

The light scattering measurements illustrated in figure 2 confirm what 
has been inferred from other experiments: that solutions of high polymers 
commonly exhibit considerable deviations from van’t Hoff’s law even in 





DEBYE: LIGHT SCATTERING IN SOAP SOLUTIONS 581 

rather dilute solutions. It has been found that a two-term expression of 
the form 


P_ 

RT 


W + Bc * 


( 7 ) 


is often valid over a wide range of concentrations. In such cases, we expect, 
instead of equation 3, the relation 


H- = i + 2 Be. 

T M 


( 8 ) 


In figure 3, in which the experimental results of figure 2 have been used 
in order to plot Hc/r as a function of the concentration, it is seen that now 
we obtain straight lines in accord with equation 8. 



Figure 3 Reciprocal specific turbidity of polystyrene in benzene-methanol mixtures. 


The intercept at c = 0 in representations like figure 3 is equal to 1/M. 

A peculiar feature of the straight lines in our case of mixed solvents is 
that they have not the same intercept. Considered superficially, this seems 
to indicate that the molecular weight increases with increasing content of 
non-solvent in the mixture. It can, however, be shown that the effect is 
due instead to preferential adsorption of the benzene on the polymer par- 
tide 14 and its interpretation furnishes a quantitative measurement of this 
preference. In simple solvents, no such effect occurs, except for possible 
real agglomeration of the polymer partides. 
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Mass Action 

The relations valid for high polymers are not directly applicable to soap 
solutions. However, we shall presently consider the mass action equilibrium 
between simple ions and micelles, and arrive at an extremely simple modifica¬ 
tion of these relations. 

Consider the following idealized reaction between fatty ions A and micelles 
A n , where n is the number of fatty ions per micelle: 

nA <=* An (9) 

If we let c n be the concentration of micelles, c 1 the concentration of un¬ 
aggregated paraffin chains, and c the total concentration of fatty ions the 
following relationships hold: 



Cn 


C = Cl + nCn 


( 10 ) 

( 11 ) 


I? is the equilibrium constant. It has been assumed that, for this simple 
treatment, activity coefficients are equal to unity. 

The equilibrium constant K has the dimension of a concentration to the 
power (» — 1). We write K — c?" 1 and express our concentrations as 
multiples of c Q . For the relative concentrations 


the relations 





7* = 7», 7i + *7% = 7 


( 12 ) 

(13) 


hold. 

For very large values of n, it turns out that the relative concentration 
7 i of the monomer is equal to 7 for 7 < 1, From 7 = 1 on the concentra¬ 
tion 71 remains constant. The relative concentration of the polymeric 
particle, on the other hand, is 0 from 7 — 0 to 7 = 1 and equal to 7 — 1 
from there on. It is seen that 7=1 corresponds to a critical point and we 
shall have to identify Co with the critical concentration. 

For large but finite values of n, the sharp edges of the curves for 71 
and 7 n at 7 = 1 are rounded off. A straight-forward calculation for n = 65 
leads to the values of table 1. Under these circumstances, there would 
be some micelles immediately below the critical concentration (see the first 
part of the third column), whereas immediately above this concentration, 
more micelles would be present as expected for n infinite (see the fourth 
column). These considerations indicate that the soap is practically unag¬ 
gregated up to the critical concentration c Q and that, from here on, all but a 
negligible fraction of the soap which is added in excess will appear in the 
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form of micelles. In figure 4, excess turbidities of solutions of the 10, 12, 
14, and 16 carbon »-alkyl trimethylammonium bromides above that of the 
solvent are plotted against total soap concentration c . Our qualitative 
expectations are confirmed. The fact that little or no turbidity difference 


Table 1 


7 

7i 

ny n 

ny n — (y — 1) 

0.8408 

0.8400 

0.0008 

__ 

0.8636 

0.8600 

0.0036 

— 

0.8960 

0.8800 

0.0160 

— 

0.9234 

0.8900 

0.0334 

— 

0.9690 

0.9000 

0.0690 

— 

1.0514 

0.9100 

0.1414 

0.0900 

1.2079 

0.9200 

0.2879 

0.0800 

2.1051 

0.9400 

1.1651 

0.0600 

5.5360 

0.9600 

4.5760 

0.0400 

18.472 

0.9800 

17.592 

0.0200 

34.835 

0.9900 

33.845 

0.0100 

66.000 

1.0000 

65.000 

0.0000 



between solutions and solvent could be detected means that either no micelles 
exist at low concentrations or that their number is very small. The rapid 
rise of the curve for concentrations just above the critical concentration 
indicates that here the micelles are rapidly increasing in number. From the 
critical concentration on, the curves resemble typical r vs. c plots for polymer 
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solutions. This then means that, in treating the light scattering data for 
soap solutions, we should not plot Hc/t but B— -— as a function of the 

T 

total soap concentration c; and that we should extrapolate to c = Co rather 
than to c — 0 in order to obtain the reciprocal of the molecular weight. 

In figure 5, data for aqueous solutions of the 10, 12, and 14 carbon tri- 
methylammonium bromides are plotted in accordance with the preceding 
discussion. The heights of the vertical lines drawn at the critical concen¬ 
trations represent the reciprocal molecular weights of the micelles. It is 
readily seen that the molecular weight increases as the hydrocarbon tail 
of the soap molecule is lengthened. 



Figure 5. Reciprocal specific turbidities of «-alkyl trimethylanamoniuiu bromides in water. 


In figure 6, are plotted the observed data for aqueous and salt solutions 
of dodecylamine hydrochloride. We see that the addition of salt lowers the 
critical concentration and increases the size of the micelle. The decrease in 
slope shows that the solvent becomes progressively more poor as salt is 
added. If enough salt is added, the soap will be “salted out.” The molecu¬ 
lar weights (table 2) are plotted against the added chloride ion concentra¬ 
tion in figure 7. Although the single run made with BaCls solution as the 
solvent is not sufficient to draw definite conclusions, the results of that run 
indicate that the size of the micelle is dependent only upon the concentration 
of the ion opposite in charge to that on the fatty ions comprising the micelle. 

The critical concentrations of dodecylamine hydrochloride in the various 
salt solutions were taken from a curve plotted from data given by Corrin 
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Figure 6 . Reciprocal specific turbidity of dodecylamine hydrochloride in water and salt solutions. 


Table 2 


Dodecylamine Hydrochloride in Aqueous and Salt Solutions 


Solvent 

Crit. cone . 

M.W. 

Water 

1.31 X 10- 2 M 

12,300 

.004167 M BaClj 

1.14 X 10- 2 M 


.01574 M NaCl 

1.04 X 10-2 M 

20,500 

.02374 M NaCl 

9.25 X 10~* M 

22,400 

.04598 M NaCl 

7.22 X 10~ 3 M 

31,400 


and Harkins. 16 All other critical concentrations given hereafter have been 
determined by a least squares method, which also gives at the same time the 

best linear plots of B- vs. c. 

In eigxjre 8 are H— - - vs. c plots for the »-alkyl trimethyl bromides 

T 

in 0.0130 M . KBr. From a comparison of this figure with figure 5 and the 
results listed in table 3, we see that the effect of salt is much more pro¬ 
nounced for the longer chain lengths than for the short. The «-decyl soap 
micelle is scarcely changed in size, while the micelle of the »-tetradecyl 
micelle increases in size by a comparatively large amount. 

If we consider the change made in the “total” bromide ion concentration 
(TBIC) when bromide ion is added in the form of a salt, the resulting changes 
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NORMALITY ADDED Cl** 


Figomc 7. Molecular weight of dodecylamine hydrochloride as a function of added CT. 



Figure 8. Reciprocal specific turbidities of n-a4kyl trimethylammonium bromide in 0 0130M KBr. 

in micelle size for the various soaps are not startling. By TBIC, we mean 
the sum of the critical concentration and the concentration of the MdH 
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bromide ion. We are tacitly assuming that the charge of the micelle is zero. 
To emphasize this point, we might compare the results obtained for Cio 
and C 14 in water and 0.0130M KBr. In the former case, we increase TBIC 
from 0.0700 to 0.0802 and N from 36 to 38. In the latter case, we increase 


Table 3 

tt-ALkYL TRLULriIYL\MMONlUM BROMIDES Ik W 4TER AND 0 0130M KBr 


Solvent i 

Soa p 

Co 

t 

MW | 

Monomeric soap 

I 




ions per micelle 

Water 

Cio 

0 0700M 

10,200 

36 


Cl2 

0 0151 

. 15',500 

50 


Cl4 

0.00341 

I 25,300 | 

I 75 

0.0130M KBr 

Cio 

0.0672 

, 10,700 1 

38 


Cl2 

0.0105 

| 17,400 1 

56 


Cu 

0.00176 

1 32,100 

95 


ClR 


61,700 

170 



C GMS/GG 

Figure 9 Turbidity of n-dodecyl trimethylammonium bromide in 0.03403M KBr as* a function 
of temperature. 


TBIC from 0.00341 to 0.01476 and N from 75 to 95. Thus, in one instance 
we increase the TBIC by 14.6 per cent while in the other we increase it by 
333 per cent. It is therefore not surprising that N increases only by 5.5 
per cent for the »-decyl soap and increases 26.7 per cent for the ra-tetra- 
decyl soap. 

In figure 9, are plotted the results of turbidity measurements carried 
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out with solutions of w-dodecyl trimethylammonium bromide in 0.03403AT 
KBr at different temperatures. Molecular weights have been calculated 
on the assumption that 3 is independent of temperature. Our differential 
refractometer, in its present form, cannot be used to determine experi¬ 
mentally at high temperatures the factor (- —^ which occurs in 3. A 


calculation employing the Lorenz-Lorentz formula and the density data of 
Scott and Tartar 17 was carried out to determine the approximate change in 

this factor with temperature. According to this computation, 

decreases by 2.5 per cent as the temperature goes from 30° to 60°C. Vary¬ 
ing just the last figure of the density data by one changes the percentage 
decrease to 2.5 3.3 per cent. This shows that the calculation is very 

uncertain, consequently we have not taken into account any temperature 
variation of H. 


Table 4 

w-Dodecyl Trimethylammonium Bromide in 0.03403M KBr 


Temperature 

Critical coricentraXion 

MW 

30°C. 

0.00848M 

20,200 

45 

0.00931 

17,000 

<50 

0.01201 

16,400 


As seen in table 4, the critical concentration for micelle formation in¬ 
creases with temperature. This is in agreement with the findings of other 
workers employing different methods of investigation. 18,19 

It is evident that the effect of temperature changes is not large. 

Sketch of a Theory of the Micelle 

Although it is not possible, at this time, to present a finished quantitative 
picture of the micelle, its constitution and the meaning of the constants 
characterizing its size and its appearance, I believe that the following very 
incomplete considerations may prove to be of some help, in the meantime. 

The monomeric ions we have to deal with in our case consist of a hydro¬ 
carbon chain which carries a charge at one end. If we want to make a 
micelle out of a larger number of such ions, which has the general form 
proposed by McBain and adopted by Harkins and co-workers as a result 
of their X-ray work, we see that two different kinds of energy will come into 
play. We shall gain energy because we remove a number of hydrocarbon 
tails from the surrounding water and bring them in contact with each other 
in the micelle. The molecular forces of importance in this process are all 
short range forces often indicated as van der Waal’s forces. At the same time, 
however, we have to bring the charged ends of the monomer nearer to each 
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other until they fill both the flat ends of the sandwich-micelle with a surface 
density ultimately determined by the space requirements of the monomer 
tail. This process requires energy and now the forces we have to overcome 
are long range electrical forces. The interplay between short range and 
long range forces seems to be responsible for the structure of the micelle, 
as can be seen from the following calculation. 

Suppose a circular disk of radius a covered with a constant surface density 
of electricity a. The total charge of this sheet will be proportional to tra 2 
and the potential at the rim of the disk will be proportional to <ra . If we 
add to this disk an additional ring of thickness da which has the surface 
2irada and the charge 2ircrada, we will do work against the coulomb forces 
which is proportional o*a?da. The total electrical work involved in building 
up the disk is seen to be proportional to a 3 and, since the number of mole¬ 
cules involved in the micelle arrangement is proportional to a 2 , we come to 
the following conclusion: in order to build a micelle containing N mole¬ 
cules, we have to supply an electrical energy 

W. = N* n w e (14) 

in which w e is a fundamental electrical energy left unspecified for the 
moment. The main point is that, due to the long range character of the 
electrical forces, the energy involved increases faster than the number of 
molecules. We can assume, on the other hand, that the energy gained by 
bringing N hydrocarbon tails in contact (which involves only short range 
molecular forces) can be represented as 


W m = —Nw m (15) 

with the introduction of another fundamental molecular energy w m . li 
we draw the curve for the total energy W — W e + W m as a function of 
the number of molecules N, it is seen that it has a minimum for a certain 
value N = No and, at this point, the energy W 0 of the micelle is negative. 
This means that the micelle is more stable than No separate molecules and 
that work is required in order to either increase or decrease the equilibrium 
number No. From the equation dW/dN = 0 and the expression for W, 
it follows that 


-!* 

3 w. 



Accepting these relations, we see that we can determine the 2 fundamental 
constants w m and w, of the micelle, if we know No and W<>. We can deter¬ 
mine No from light scattering. In the case of dodecylamine hydrochloride 
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in water, No is 55. From the first equation of (16) it follows immediately 
that 


— = 11.1. (17) 

w e 

If we accept the reasoning in the preceding paragraph concerning the 
application of the mass action law, we can also determine IFo. According 
to thermodynamical principles, the natural logarithm of the equilibrium 
constant K multiplied with kT is a measure for the free energy difference 
between the micelle and the equivalent number of free molecules. Since 
K = Co °"~ 1 we come to the conclusion that 

W 0 = —No ~= (No - 1 )kT In c 0 (18) 

o 

(in which Co is of course to be expressed in mol-fractions). If we neglect the 
difference between No and No — 1, we find 

w m — —3 kT In c 0 . (19) 

In our case, c 0 is 1.3110~ 2 moles per liter, so we arrive at 

w m = 25 kT and w e = 2,2 kT. (20) 

We now can, at once, draw a conclusion about the question whether we 
shall have a broad distribution of micelle sizes or not. 

In the vicinity of N = No , the micelle energy W can be developed in 
powers of N — No . Doing this, we find 

(21) 

The average natural fluctuations in size will involve energy differences kT. 
Assuming W — Wo = kT and remembering that Wo = —No — , it follows 

O 

from (21) that the average natural fluctuation of No is 
N -No = \/aNo--. 

V Wm 

With No = 55 and Wn/kT = 25 we have 

N - No - 2.97 

which means that the micelles containing each in the average 55 molecules, 
will have a narrow distribution which practically does not cover much more 
than the range from 52 to 58. 

Next, we want to investigate whether the values found in equation 20 
for w m and w 9 are such that we can reasonably expect values like that. 
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First of all, with respect to w m , we shall guess that it should not be very 
different from the heat of vaporization of a dodecane molecule from the 
liquid. According to the measurements of the National Bureau of Stand¬ 
ards, in the American Petroleum Institute Research Project 44, the heat of 
vaporization, at 25°C., of nonane is 11.099 Kcal/mole and the increase for 
one CH 2 -group is 1,18 Kcal/mole. Extrapolating to dodecane, this cor¬ 
responds to a heat of vaporization of 14.63 Kcal/mole. Assuming for RT 
a value of 600 cal., this corresponds to 24.4 kT to be compared with 25 kT. 
On the other hand, w e can be calculated for a disk covered with a constant 
density of electricity in a medium of dielectric constant D . It is found that 



in which e is the electronic charge and w the surface occupied by one mono¬ 
mer. Taking a value of 27 A 2 for w, the electronic charge for e, and assuming 
for the effective dielectric constant the average of that of water and that of 
a hydrocarbon, we obtain w e = 2.8 kT. This is to be compared with 2.2 kT . 

We can also apply relation (18) in order to make an estimate of the influ¬ 
ence of the number of C-atoms in the chain on the critical concentration. 
Calling v the number of C-atoms, we know that w m can very adequately be 
represented by a linear function of v . But, if this is so, equation 18 pre¬ 
dicts that Co will be proportional to an exponential function of Hj>, in which 
the coefficient of v is the energy gain per CH 2 -group in going over from free 
monomer molecules in water to their associated form in the micelle, divided 
by 3 kT. Dr. Harkins and his co-workers have published a table of the 
critical concentration of fatty acid soaps covering the range from v = 7 
to v = 14. The relation is indeed exponential and a good representation 
of the experimental values is given by the relation 

In Co — 4.811 — 0.714? (23) 

(in which Co is taken in mols/liter). This means that the energy equivalent 
of one CH 2 -group is 0.714. 3 kT » 2.14 kT or in molar quantities 2.14 RT = 
1280 cal. To be confronted with this value is the observation that the molar 
heat of vaporization of hydrocarbons increases 1180 cal. with every added 
CH 2 -group. 

It remains to be seen what an added electrolyte will do to the micelle. 
Since, in an electrolyte solution, every charge will be surrounded by an 
excess of ions of opposite sign, its electrical actions will be screened out for 
larger distances. In the theory of strong electrolytes, the characteristic 
distance is the thickness of the ionic layer which, in water and for a uni¬ 
univalent electrolyte, is 100 A for a 0.001 molar and 10 A for a 0.1 molar 
solution. We can say, at once, that an added electrolyte will screen the 
action of the charges on the micelle, will reduce the electrical work W a> 
and therefore will increase the equilibrium size of the micelle as has been 
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observed. The concentration of surface charges on the micelle (one elec¬ 
tronic charge on a surface of 27 A. 2 ) is so high that the potential in the 
neighborhood of this surface will certainly exceed 25 millivolts. This value 
of 25 millivolts corresponds to kT divided by the charge of the electron and 
is a kind of fundamental unit for the potential. As long as the potentials 
which the ions encounter are small compared with 25 millivolts, the solution 
can be characterized by its ionic strength and the variations in number of 
positive and negative ions from their equilibrium values can be considered 
as small. As soon, however, as those potentials are a few times 25 milli¬ 
volts there will be a huge difference between the concentrations of oppositely 
charged ions. Some considerations led me to a value of 150 to 200 milli¬ 
volts^ to 8 times the fundamental potential for the potential at the surface 
of the micelle. This would mean that here the positive ions are so strongly 
repulsed that their concentration is e 6 = 400 to e 8 = 3000 times smaller 
than at larger distances. Perhaps this is the way to understand the fact 
that foreign ions of the same sign as the micellar ion are of very minor impor¬ 
tance for its behavior and that the principle of “ionic strength” (which is 
essentially linked with the existence of potentials small as compared with 
25 millivolts) does not hold. 
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THE ROLE OF HYDRATION IN THE DEBYE- 
HUCKEL THEORY 

By R. A. Robinson and R. H. Stokes* 

Department of Chemistry , Yale University , New Haven , Connecticut and Physical Chemistry 
Laboratories^ Cambridge , England 

In 1923, Debye and Huckel derived an expression for the activity coeffi¬ 
cient of an electrolyte in which allowance was made for the fini te size of the 
ions, an expression which, in the case of an aqueous solution at 25°, takes 
the form: 

-log/ - 0.5092 *aVm/(1 + 0.3286 k Vm). (1) 

The quantity 4, which is usually of the order of 3—5 A, is interpreted as a 
mean ionic diameter, or the closest distance of approach of the ions. Al¬ 
though the most suitable value of k does depend on the concentration range 
over which the experimental data are fitted to equation 1, there is general 
agreement as to its approximate value; thus, for sodium chloride, values 
ranging from 3.6 to 4.4 A have been obtained. 1 Taking an average of 
4.0 A, this mean ionic diameter is in marked contrast to the sum of the 
crystallographic radii, 2.76 A. For magnesium chloride, the k value is 
5 A and the sum of the crystallographic radii is only 2.46 A. There is, 
therefore, a large amount of space not accounted for, a fact which suggests 
very strongly that either or both of the ions are “hydrated” in the sense that 
an ion and some water molecules act as a unit in so far as the k term of 
equation 1 is concerned. 

A second line of evidence for hydration is obtained from the thermo¬ 
dynamic properties of very concentrated solutions. In many of these solu¬ 
tions, the activity coefficient reaches extraordinarily high values, for exam¬ 
ple, at a concentration of 10M the activity coefficients of calcium chloride, 
lithium chloride and perchloric acid are 43.0, 9.40 and 30.9, respectively. 
Several years ago, Scatchard 2 showed that a solution of sucrose in water 
behaved as an almost ideal solution when it was treated as one of the penta- 
hydrated solute in water. If by m and <p we denote the molality and osmotic 
coefficient of the solution without regard for the hydration, i.e., the values 
as usually calculated, and m! and <p f the corresponding quantities in which 
account is taken of hydration, then 

m' * m/( 1 - 0.018 X 5 m), 
and from the definition of <p, 

—55.51 In Ov> = nup — 

it follows that: 

<p r = <p(\ — 0.090 w). 

* Tm pwj &l Chemi cal Industries Research Fellow* University of Cambridge* Cambridge* Engl a nd 
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The magnitude of the hydration effect may be seen from the values for 
sucrose, which show that the deviations from ideality can be accounted 
for satisfactorily on the basis of hydration (table 1). 

By introducing the idea of hydration for electrolytes and converting the 
osmotic and activity coefficients into the corresponding quantities for the 
hydrated electrolyte, a reduction of <p to a more reasonable magnitude will 
occur, and it is easy to demonstrate that the amount of hydration which it is 
necessary to postulate is also of reasonable magnitude. 

Returning now to the Debye-Hiickel equation, if equation 1 is an ex¬ 
pression for the activity coefficient of an assembly containing not only ions 
but water in some way “hydrated,” it is surely not correct to expect this 
activity coefficient (and the corresponding ionic free energy) to agree, except 
in very dilute solution, with the activity coefficient obtained from an experi¬ 
ment in which the calculation is performed on the “unhydrated” ions. 
Rather should we expect better agreement if the Debye-Hiickel free energy 
were equated to the free energy of the ions including their “hydrate” water. 


Table 1 


m 

0.1 

0.2 

0.5 

1.0 

1.5 

2.0 

<p 

1.008 

1.016 

1.041 

1.088 

1.139 

1.189 

< p ' 

0.999 

0.998 

0.994 

0.991 

0.985 

0.975 


This problem has already been considered by Bjerrum 3 and by Scatchard 4 
and recently by the present authors. 5 We may denote by primed symbols 
quantities calculated on the assumption that the kinetic entities produced 
by one molecule of solute are ions associated with a total of n molecules of 
“bound” or “hydrate” water, unprimed symbols being used for the corre¬ 
sponding quantities with disregard of “hydration.” Moreover, we shall 
assume that the activity coefficient of the “hydrated” electrolyte is given 
(on the mol fraction scale) by 

- log /' - 0.5092 I (1 + 0.3286 4 Vm) 5 (2) 

i.e., we shall not allow any term linear in the concentration to take account 
of variation in dielectric constant, etc. Then the activity coefficient of the 
electrolyte, on the molality scale, calculated without regard for “hydration,” 
i.e., the activity coefficient as usually expressed, can be shown to be. -5 

log7 - -0.5092z^Vm/CI + 0.3286Hvm) 

—n/v log a* — log [1 — 0.018(» — v)m], (3) 

v being the number of ions into which one molecule dissociates. Since n 
is in volume units, it is not affected by the hydration hypothesis. We have 
recently® examined the application of this equation and find that it holds 
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with remarkable accuracy for 36 electrolytes up to concentrations in some 
cases as high as 5 m, using values of n ranging from 0.6 to 20. In general, 
the lower the value of n , the higher is the concentration to which the equation 
can be applied. The n value is independent of concentration. 

Table 2 illustrates the use of the equation in the case of calcium chloride, 
using values of n = 12.0 and a = 4.73 to obtain the calculated activity 
coefficients in equation 3 ; these are compared with the observed values of 
McLeod and Gordon 6 in dilute solution and of Stokes 7 at higher 
concentrations. 

In the case of the other electrolytes which we have investigated, good 
agreement is also found. We thus have a two-parameter equation which 
needs no term linear in the concentration to account for the change in the 
dielectric constant and yet is equally, if not more, successful in representing 


Table 2 


Observed and Calculated Activity Coefficients of Calcium Chloride at 25 ° 


m 

Yobs- 

Ycilo, 

(eqn. 3 ) 

Ycalc. 

(eqn. 4 ) 

0.0016 

0.8640 


0.8636 

.0064 

.7667 


.7674 

.0144 

.6947 

.6955 

.6957 

.0256 

.6399 

.6408 

. ¥ 

.0400 

.5974 

.5984 

.5987 

.0576 

.5642 

.5648 

.5651 

.0784 

.5377 

.5377 

.5380 

.1 

.518 

.518 

.519 

.2 

.472 

.472 

.472 

.5 

.448 

.448 

.448 

1.0 

.500 

.500 

.499 

1.4 

.587 

.586 

.586 

1.8 

.712 

.725 

.720 


the experimental data for 1:1 salts, while for 2:1 salts (for which the Debye- 
Htickel equation with an added linear term is not adequate above about 
0.3 m) equation 3 represents a very considerable improvement. 

If we are to ascribe the large values of a to hydration, it should be possible 
to calculate k in terms of n, i.e,, to reduce equation 3 to a one-parameter 
equation. To this end, we have adopted the hypothesis of Bernal and 
Fowler 8 that the chloride, bromide, and iodide ions are not hydrated. The 
hypothesis that cations hydrate more readily than anions has recently 
obtained some experimental support In figure 1, we reproduce a graph 
from a paper by Robinson and Levien 0 in which are contrasted the activity 
coefficient curves of salts of 1:2, 2:1, 1:3, 3:1, 1:4, and 4:1 valence type. 
In each case, if the high charge resides on the anion, a low activity coefficient 
curve is obtained. If the high charge is on the cation, then the curve is 
high, characteristic of a highly hydrated salt. This suggests that hydration 
is mainly a cationic phenomenon and increases with the cation charge. 
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We shall, therefore, assume that the anion is not hydrated and that the 
anionic portion of 4 is equal to the crystallographic radius, r~ . The cationic 
contribution could be obtained if we knew the volume of the hydrated cation. 
Since the apparent molal volume of the salt is the molal volume which the 
ions would occupy were there no change in volume of the water in proceeding 
from pure solvent to the solution, and, as the volume of a water molecule 
is 30 cu. A, we should be able to approximate the volume of the hydrated 
ion as (30 n + F+) where V + is the apparent molal volume of the cation in 
cu. A per ion. Fortunately V+ is usually small compared with 30 n. Fur¬ 
thermore, the apparent molal volumes of the chlorides, bromides, and iodides 
of rubidium and cesium, salts which, owing to the large size of both the 
cation and the anion, are either not hydrated or else hydrated to a very 
small extent, are found to be given at about 1 M by: F app = 6.47(r + 3 + rJ) 
in cu. A per ion, r + and r_ being the crystallographic radii. We therefore 



assume that the anionic apparent molal volume is 6.47 r_ 3 for all halides 
and that of the cation of a halide salt is F+ — (F app — 6.47zirJ*), a quantity 
which can be calculated from density data. In this expression, Zi is the 
cation valence. We thus obtain [3(30 n + F app — 6A1zirJ)/btr] llz as 
the cationic contribution to L The distance of closest approach should 
therefore be 

a = [3(30 n + V+)/4«r] l t* + . 

Comparison with the values of i obtained from equations 1 and 2 shows 
that the calculated value is uniformly higher by approximately 0.7 in the 
case of a 1:1 salt and 1.3 for a 2: 1 salt. This distance may well represent a 
penetration of the anion into the hydration layer. 10 Taking this into 
account, we obtain the one-parameter equation 

log y = — 0.5Q92zis*V m/{ 1 + 0.3286\/7f3(30« + F+)/4r] 1 ' 3 + r_ - a} 
— n/v log da — log [1 — 0.018(» — v)m] (4) 
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for an electrolyte in water at 25°, where A = 0.7 for a 1:1 electrolyte and 1.3 
for a 1:2 electrolyte. 

We have applied this equation to the data for the chlorides, bromides, and 
iodides of hydrogen, lithium, sodium, potassium, rubidium, magnesium, 
calcium, strontium, and barium and for manganese, ferrous, cobalt, and nickel 
chloride. The success with which this equation can be used may be seen 
from table 3. 1 


Table 3 



In table 2, we have tabulated values for calcium chloride calculated by 
equation 4 with n — 11.9 and k = 4.75. In this case, equations 3 and 4 
apply equally well but, in general, the two-parameter equation is somewhat 
superior in representing the experimental data. 

It is not easy to test equation 4 by application to salts of higher valence 
type, but we have investigated the data for lanthanum chloride, for which 
salt we have obtained activity coe&cients from 0.1 to 2 m. Unfortunately, 
we do not know with certainty the value at 0.1 m, but if we arbitrarily assign 
the not unreasonable value of 0.314 to this concentration, we find that good 
agreement with the experimental data is obtained if in equation 4 we put 
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n = 18.2 (in which case & = 4.90 A) and A =* 1.7, as is shown in the following 
comparison: 


m 

y (obs ) 

y (eilc ) 

0.1 

0.314 

0.314 

.2 

.275 

.276 

.3 

.264 

.265 

.5 

.268 

.267 

.7 

.288 

.287 

1.0 

.344 

.345 


Effect of Temperature . To test out equation 4 still further, we have 
applied it to hydrochloric acid, 11 hydrobromic acid, 12 sodium chloride, 13 
soffium bromide, 14 potassium chloride, 16 and potassium bromide, 16 electro- 


Table 4 


Temp. 

ECl 

EBr 

NaCl 

NaBr 

KCl 

KBr 

n 

Av. 

5 

n 

Av. 

5 

n 

Av. 

Max. 

n 

Av. 

1 

n 

u. 

(. 

n 

iv. 

1 

0 ° 

BBS 

3 

7 

BBS 

2 

4 

2 85 

5 

11 

BBS 

7 

22 

1.30 

4 

14 




10 

7.56 

3 

6 

8.80 

2 

3 

3.20 

5 

8 

3.75 

5 

18 

1 65 

2 

5 




20 

7.35 

3 

5 

8.63 

2 

3 

3.43 

3 

5 

ggili] 

4 

5 

1.88 

2 

3 




25 

7.30 

3 

9 

EEj] 

1 

2 

3.50 

2 

3 

4.15 

2 

5 

riEli] 

2 

3 

2.05 

2 

3 

30 

7.15 

2 

5 

8.45 

2 

4 


1 

3 

4.22 

3 

13 

EUtli] 

2 

5 




40 

6.90 

2 

4 

8.30 

1 

2 

3.70 

1 

2 

4.28 

4 

17 

2 08 

2 

3 




50 


2 

3 

8.15 

1 

2 













60 

6.50 

2 

4 

7.85 

5 

6 

3.90 

2 

5 







2.60 

3 

5 

70 







3 87 

3 

4 







2.70 

3 

8 

80 







3.85 

4 

7 







2.75 

3 

8 

90 







3.80 

2 

4 







2.80 

4 

11 

100 







3.77 

2 

5 







2.82 

3 


Range 

0.1-2 m 

0.1-1 m 

0.1-3 in 

0.1-3 m 

0.1-4 m 

0.1-5 m 


lytes whose activity coefficients have been measured over a temperature 
range. 

We have thrown all the temperature effect on the variation of n and the 
numerical coefficients of the Debye-Htickel term with temperature, although 
a more accurate but very laborious computation would take account of the 
effect of temperature on the volume of the water molecule, the apparent 
molal volume of the cation, and “penetration distance.” Table 4 gives 
our results, the columns headed Av. and Max. giving the average and 
maximum differences between the third decimal places of the observed and 
calculated activities coefficients. 

The variation of n with temperature is shown in figure 2. It is tempting 
to speculate that there may be a limiting value of n — 4 at high temperature, 
but the data available are so meager that further comment would not be 
justified. We may, however, call attention to the large amount of work 
still to be done on the activity coefficients of simple salts at different tem- 
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peratures. In spite of the approximate nature of our calculations, equa¬ 
tion 4 seems to be applicable over a wide temperature range. 

Partial Molal Ileal Content . If equation 4 can account for activity coeffi¬ 
cients over a temperature range, it should also account for partial molal 
heat contents. By differentiating equation 4 with respect to the tempera¬ 
ture and substituting the proper numerical values for various parameters, 
we have obtained the equation: 

Z t = [774 Vc + 169.6 a c + 4.141 X 10' d,\/'c/dT\/{\ + 0.3286 iy/c)* 

— nLi + bn/ bT- [4.066 X 10 5 log a~m — 6.358 X 10 3 m/ {1 — 0.018(» — v)m\ 

- 3.249 X 10W 3 (1 + 0.3286 k Vc) s ] (5) 



Figure 2. Effect of temperature on the hydration number. 

where k — 3(30 n + 7+)/47t, valid for a 1:1 electrolyte in water at 25°. 
We have tested this equation by calculating L 2 for hydrochloric acid and 
sodium chloride, assuming that dn/dT = —0.0200 and +0.0167 respectively. 
The calculated values are compared in table 5 with those measured by 
Sturtevant 17 and by Robinson, 18 and a graphical comparison is made in 
figure 3. The agreement is good. It might perhaps be better if we were 
to engage in a more detailed computation but we are content to show that 
two parameters, n and dn/dT , suffice to give a fair representation of the 
behavior of the heat content function. 

Mixed Electrolyte Solutions . For a solution of two electrolytes at constant 
total ionic strength, Hamed’s rule 19 states that the logarithm of the activity 
coefficient of one electrolyte is a linear function of the molality of that elec¬ 
trolyte, i.e,, 

log Yi — log yko) — oL&Mi == log 7o(« + otuvii 
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Table 5 


m 

La (NaCl), cal./mole 

La (HC1), cal./mole 

obs. 

calc. 

obs. 

calc. 

0.1 

102 

95 

202 

176 

.2 

90 

87 

273 

250 

.5 

-10 

34 

430 

392 

1.0 

-188 

-87 

645 

607 

1.5 

-343 

-203 

853 

819 

2.0 

-466 

-347 

1055 

1040 

2.5 

-556 

-490 

1269 

1341 

3.0 

-626 

-629 

1484 

1631 

3.5 

-671 

-774 

— 

— 

4.0 

-688 

-920 

— 

— 

dn/ST 

+0.0167 

-< 0.0200 



Figure 3, Partial molal heat contents at 25°. Curves show calculated, points experimental values. 


where 7i«» is the activity coefficient of species (1) in the absence of species 
(2) and 70a) refers to species (1) in a solution of species (2) only. By an 
extension of the ideas already developed, we can derive the equation 

log 71 = logf[ — »i/2*log a* — log [1 — 0.018(^1^1 + n%m* - 2m)] (6) 

for the special case of a mixture of 1:1 electrolytes. »i and ni are the hydra¬ 
tion numbers and mi , m% the molalities of species (1) and (2) respectively, 
m being the total molality. 

When Mi = m 3 m* =* 0: 

kg 7i(o> = log /i<o) — wi/2*log o^ci) - log [1 - 0.018(»i — 2 )m] 
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and when mi = 0, m 2 = m 
log 7o(i) = log fo(D — Wi/2-log Ou ,( 2) ~ log [1 — 0.018(^2 — 2)«*]. 
But log 7o<i) = log 7ico) — a 12 w, 

ai2^ = log/i(o>//o(i) — »i/2-loga u ,(x)/a W ( 2 ) — log [1 — 0.018(«i — 2)m]/ 

[1 - 0 . 018(^2 - 2 ) m ]. 

n\ and n 2 are known from measurements on the individual electrolytes; 
Ou,(i) and dwtt) are the water activities of solution of species (1) and (2) 
respectively, each at a concentration, m. Moreover, we have for an aqueous 
solution at 25°: 

log/uo)//5u) = 0.5092[v7 2 /(l + 0.3286 aV7 2 ) - V7i/(l + 0.3286 & V^)] 

where/i(o) and/o(i) are activity coefficients (on the mol fraction scale) of the 
hydrated electrolyte (1) in a solution containing species (1) only and species 


Table 6 


m 

LiCl 

NaCl 

KCl 

^12 (calc.) 

ai2(obs.) 

ai2(oalo.) 

«12(ob6.) 

«12(calc.) 

«12(obe.) 

0.1 

0.006 

0.001 

0.030 

0.043 


mm 

.5 

.006 

«»M 

.033 

.037 

.047 

■in 

1.0 

.008 


.037 

.032 

.052 

H9 

1.5 

.009 

■9 

.041 

.032 

.055 

.055 

2 

.010 

.005 

.045 

.031 

.062 

.057 

3 

.011 

.004 


.031 

.073 


4 

.008 

-.003 



.075 

.066 


(2) only, respectively, and c\ and c 2 are concentrations on the volume scale. 
This term is usually negligible. In any case, it can be calculated from den¬ 
sity data. It should be noted, however, that we have not allowed for any 
change in L Disregarding this for the time, a u can now be calculated from 
»i, a* a) and Ow(2). This has been done for (1) = HC1 and (2) = 

LiCl, NaCl, and KC1 with the results shown in table 6 , the observed values 
being taken from the tables of Hamed and Owen. 10 The agreement is not 
all that we could wish. Perhaps we have not placed sufficient emphasis 
on the difficult question of what value of k should be used in these mixed 
electrolyte solutions. Moreover, we may be incorrect in taking over for 
mixed solutions the values of «i and » 2 used for the simple solutions, but we 
may be content that we can predict at least the order of ai 2 . In particular, 
we can say that ai 2 will be greater the greater the difference in «i and « 2 , 
the hydration numbers of the two electrolytes. Even as an approximation, 
equation 6 will have its uses. Thus, it predicts that at zero add concentra¬ 
tion and 1 m lithium, sodium and po.tassium chloride, yhci = 0.794, 0.743, 
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and 0.716 respectively, compared with 0.800,0.751, and 0.711; and, at 0.1M, 
0.795, 0.791, and 0.789, compared with 0.796, 0.789, and 0.782. 

The most serious drawback to equation 4 is the lack of additivity of the 
rvalues. Thus, n L i Br — n L i C i = 0.6 and w NaB r — ^nici = 0.65, whilst 
^KBr — ^kci = 0.15. We have no adequate explanation to offer for this 
curious behavior, although it might well be suggested that the omission, 
from equation 2, of a term linear in the concentration to allow for the change 
in dielectric constant may be too drastic a procedure and that such a term 
may be necessary. If this were done, the coefficient of the linear term 
would have to be smaller than the one used in the extended Debye-Hiickel 
equation and the value of n would have to be less than the one used in equa¬ 
tion 4, because both effects raise the activity coefficient; equation 4 is not 
incompatible with such a term linear in the concentration. We have not 
pursued this line because it leads to great difficulty in computation and we 
have been more interested in finding how far equation 4 in its simplest 
form can be used. 

Properties of Very Concentrated Solutions. Equation 4 holds up to con¬ 
centrations as high as 5m for some salts; indeed, it is valid to higher concen¬ 
trations than we might expect. Moreover, when the concentration is too 
high for the equation to hold, we notice that in nearly all cases the equation 
predicts values of the activity coefficient higher than those observed. As 
the amount of the water relative to the solute decreases, it is to be expected 
that the degree of hydration will diminish, that is, we should use a decreasing 
value of n in equation 4 and, therefore, the high calculated values of the 
activity coefficients are not surprising. 

At very high concentrations (about 11 m for 1:1 and 7 m for 2:1 electro¬ 
lytes), we have found that the vapor pressure data conform to a Brunauer- 
Emmett-Teller 20 adsorption isotherm and, in particular, to a modification 
of this isotherm proposed recently by Anderson. 21 Thus, we are led to 
visualize the process of solution of a solid salt as the building-up, around the 
salt ions, of layers of water molecules, the inner layers being the more densely 
populated and the salt ions retaining some remnants of their crystalline 
form in a distorted lattice. As the water layers build up, this lattice becomes 
more and more distorted or the ions with their water molecules function 
more as separate entities. Ultimately, when sufficient water is adsorbed, 
we pass into a region of concentration subject to the treatment given above, 
in which a portion only of the water is considered as “hydrate water.” 

The Hypothesis of Localized Hydrolysis. Among the salts of alkali metals 
are to be found a few for which the order of the activity coefficient curves 
is Li < Na < K < Rb < Cs, which is the converse of the order found for 
the chlorides, bromides, nitrates, etc. This class includes the formates, 
acetates, and hydroxides, the latter being considered as salts of the very weak 
add, water. To explain this reversal of order of the activity coeffident 
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curves, Robinson and Hamed 22 postulated that the intense fields around a 
cation of small radius created an induced polarity of the water in the imme¬ 
diate vicinity. In the absence of any proton acceptor, no further effect 
would be noted. Thus, in the case of lithium chloride where, although the 
lithium ion is small enough to induce high polarization in a water molecule, 
nevertheless the chloride ion is a very weak proton acceptor and the activity 
coefficient curve is “normal.” The situation is very different with lithium 
acetate, where the acetate ion is a moderately good proton acceptor and we 
may imagine a water molecule forming a weak link between the two ions: 

L i+-HO'-H + -Ac" 

thereby reducing the total ionic strength and decreasing the activity coeffi¬ 
cient calculated in the usual way on the assumption of complete dissociation. 
The effect should depend on two factors: (a) The size of the cation, the effect 
being more pronounced the smaller the cation. This accords with the 
experimental observation that the order of the activity coefficient curves is 
Li < Na < K < Rb < Cs. (b) The strength of the acid from which the salt 
is derived, the effect being larger the weaker the acid. The available evi¬ 
dence, meager as it is, supports this conclusion. Thus, whilst y N ^ x is 
greater than ykx for salts of strong acids such as hydrochloric, hydrobromic, 
and hydriodic acid, the activity coefficient curves of sodium formate and 
acetate are slightly below those of the corresponding potassium salts, but 
sodium hydroxide has an activity coefficient curve markedly lower than that 
of potassium hydroxide. Data for more salts are required before further 
progress can be made. 

If the idea we have developed is correct, cesium acetate and hydroxide 
should be normal, since the cesium ion is too large to be hydrated. The very 
high activity coefficients of cesium hydroxide would then correspond to a 
high k value, which in turn would mean that the hydroxyl ion is hydrated. 
This is consistent with the apparent molal volume of the hydroxides, as was 
pointed out by Bernal and Fowler. 8 Furthermore, we may have to admit 
hydration of the acetate ion. 


Summary 

It is shown that the departures from the limiting Debye-Hiickel equation 
for the activity coefficient of a salt can be explained as a hydration effect, 
and a one-parameter equation is proposed in which the effective mean diame¬ 
ter is a function of the hydration number. This equation requires no terms 
involving the first or higher powers of the concentration and represents the 
activity coefficient data of 32 electrolytes at 25° within the probable experi¬ 
mental error. It represents the data for six electrolytes over a temperature 
range and, with the addition of a second parameter, the temperature coeffi¬ 
cient of the hydration number, gives a fair representation of the variation 
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of the partial molal heat content with concentration. It also affords a 
partial explanation of the behavior of the activity coefficients of mixed 
electrolyte solutions. 

Bibliography 

1. Brown, A. S., & D. A. MacInnes. 1935. J. Am. Chem. Soc. 57:1356. 

Harned, H. S., & L. F. Nims. 1932. Ibid, 54:423. 

2. Scatchard, G. 1921. J. Am. Chem. Soc. 43: 2406. 

3. Bjerrum, N. 1919. Meddel, Vetensk. Nobelinst. 5:1. 

1920. Z. anorg. Chem., 109:275. 

4. Scatchard, G. 1925. J. Am. Chem. Soc. 47: 2098. 

5. Stokes, R. H., & R. A. Robinson. 1948. J. Am. Chem. Soc. 70: 1874. 

6. McLeod, H. G., & A. R. Gordon. 1946. J. Am. Chem. Soc. 68:58. 

7. Stokes, R. H. 1948. Trans. Faraday Soc. 44: 295 

8. Bernal, J. D., & R. H. Fowler. 1933. J. Chem. Phys. 1:515. 

9. Robinson, R. A., &B.J.Levien. 1947. Trans. Roy. Soc., N.Z. 76:295. 

10. Frank, H. S. 1941. J. Am. Chem. Soc. 63: 1789. 

11. Harned, H. S., & R. W. Ehlers. 1933. J. Am. Chem. Soc. 55:2179. 

12. Harned, H. S., A. S. Keston, & T. G. Donelson. 1936. J. Am. Chem. Soc. 58: 

989. 

13. Harned, H. S., & L. F. Nims. 1932. J. Am. Chem. Soc. 54:423. 

Smith, R. P., & D. S. Hirtle. 1939. J. Am. Chem. Soc. 61:1123. 

14. Harned, H. S., & C. C. Crawford. 1937. J. Am. Chem. Soc. 59: 1903. 

15. Harned, H. S., & M. A, Cook. 1937. J. Am. Chem, Soc. 59: 1290. 

16. Johnson, G. C., & R. P. Smith. 1941. J. Am. Chem. Soc. 63:1351. 

17. Sturtevant, J. M. 1940. J Am. Chem. Soc. 62: 58. 

18. Robinson, A. L. 1932. J. Am. Chem. Soc. 54:1311. 

19. Harned, H, S., & B. B. Owen. 1943. Physical Chemistiy of Electrolytic Solutions . 

XIV. Reinhold. New York. 

20. Brunauer, S., P. H. Emmett, & E. Teller. 1938. J. Am. Chem. Soc. 60: 

309. 

21. Anderson, R. B. 1946. J. Am. Chem. Soc. 68: 686. 

22. Robinson, R. A., & H. S. Harned. 1941. Chem. Rev. 28:419. 



SOME NEW PROCEDURES IN THERMODYNAMIC 
THEORY INSPIRED BY THE RECENT WORK OF 
J. N. BR0NSTED 


By Victor K. LaMer, Oiav Foss, 1 and Howard Reiss 

Department of Chemistry , Columbia Univetsity, New York, N. F. 

Introduction 

During the past decade, Professor J. N. Brjzfnsted has been engaged in 
developing a system for presenting in a simple fashion the principles and 
concepts of thermodynamics. Cast into this form he called the subject 
“Energetics.” Instead of the traditional first and second laws, he proposes 
two new principles, namely, the “work principle,” which is restricted to, 
and is sufficient for, an exhaustive treatment of all reversible processes, and 
the “heat and equivalence” principle, which applies similarly to irreversible 
processes. These principles are expressed in compact analytical form in one 
equation (4.22) in the following text. 

They are introduced as general postulates based upon experience, just as 
the first and second laws of thermodynamics are introduced. 

With the aid of the “work principle,” Br0nsted achieves in a simple and 
elegant manner a uniform treatment of all reversible processes on the basis 
of the concepts of quantity, potential, and “work,”f without introducing the 
concept of heat, or of internal energy. More especially, all reversible 
thermal processes may be completely described in terms of temperature and 
entropy. It is only when proceeding to irreversible processes that phe¬ 
nomena occur which require a concept of “heat,” which embodies some 
but not all of the characteristics of the heat concept employed in the two 
classical laws. Internal energy is recognized and defined. Likewise, the 
various forms of the characteristic thermodynamic potentials introduced 
by Gibbs are defined as convenient functions for special applications, but 
their introduction like that of internal energy is not a necessary part of his 
system. 

The basic ideas of energetics appeared in two monographs 2 ’ 8 in Danish in 
1937 and 1939. A brief summary, translated by R. P. Bell, appeared in 
English in 1940, 4 and also a short paper 5 in which the “work principle” was 
used to derive the equilibrium equations for heterogeneous and homoge¬ 
neous systems. An important monograph 7 clarifying criticisms 6 based upon 
misunderstanding of this paper 5 was published in 1941 (in English) under 
the title, The Concept of Heat . 

The fundamentals of energetics were incorporated in the second Danish 

* Fellow, 1947-8, The Royal Norwegian Council for Scientific and Industrial Research. Present ad¬ 
dress: Universitetets Kjemiske Institute Blindern, Oslo, Norway 

t Quotes are used to designate Breasted*s use of terms which often differ from the classical meaning 
0 the term. 
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edition of the textbook of physical chemistry. 8 In his last monograph 9 (in 
Danish), Br^nsted introduces the concept of “transport complexes” and 
applies it together with the “work principle” to the treatment of the rever¬ 
sible aspects (assumed isolable) of steady state processes in thermoelectric, 
electrochemical, and thermal transpiration cells. 

Brtfnsted’s Energetics 

The following is a brief perspective view of some of the ideas formulated 
by BrjzJnsted. Energetics is motivated by the symmetry existing between 
all of the various extensive energy factors (the quantities) and, likewise, 
between their conjugate intensive factors (the potentials). For example, 
in equations like 

SdT - V dp + Sw* dfXi + E dp + ••• = 0 

we find entropy and temperature, volume and pressure, number of moles 
and chemical potential, electric charge and potential etc., always in a con¬ 
jugate relationship. All of the extensive properties are defined such that 
they are conserved, except entropy in the case of irreversible processes. 

Next it is asserted that the extensive factors, such as volume, mass, elec¬ 
trical charge, etc., and also entropy* always tend to occupy states of lowest 
accessible potential. Natural (spontaneous) and unnatural (imaginary) 
processes consist of the movement of the extensive factors between states 
of different potentials. Each individual transport is a basic process. 

Such processes involve, respectively, a positive or a negative loss of ability 
to perform useful work . This loss, in a process where an amount 8K % of an 
extensive property of the i th kind undergoes a transport from one potential 
to another, is defined as: 

8Ai ss (i\(i) — P*(2))$Z*. (1) 

Here, P % (1) and P t (2) are the potentials, conjugate to the quantity K % ; 
of the initial and final state of transport, respectively. 

When a natural and an unnatural active process are coupled and balanced 
within an infinitesimal difference in net potential, a reversible process results. 
In the special case when the potentials Pi and P 2 of a simple process are 
equal, that process then becomes an equipotential or neutral process, which 
is obviously a limiting case making contact between the natural and the 
unnatural classes. 

Energetics stresses the necessary presence of a potential difference for a 
process to occur spontaneously, and makes fundamental use of the existence 
of coupling between these individual basic processes. It thus focuses more 
attention upon the physically tangible structures of thermodynamic phe¬ 
nomena than upon the mathematical formulations. 

* See the treatment of the heat engine, p. 620. 
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The “work principle” states that, in reversible processes, the sum A, of the 
individual A, terms: (i.e., the sum of the “losses of work” in all of the in¬ 
dividual processes) is zero: 

SA = 2 SA % m 2 (P tm - P tli) )SK t = 0. (2) 

In irreversible processes, the sum 5.4 is not zero but positive; there is a 
positive loss of potential work. 

The “equivalence principle” states that: 

8A = T8S", (3) 

where 8S ff is the amount of entropy produced in the process. T5S" is, conse¬ 
quently, the non-compensated heat of Clausius. 

We refer the reader to the original publications for the logical operational 
definitions of such topics as the absolute temperature scale, entropy, andheat 
in the system of energetics. 

In order to distinguish* reversibly transported (conserved) entropy from 
irreversibly produced entropy, as well as to distinguish reversibly absorbed 
heat from the non-compensated (irreversibly evolved) heat, Br^nsted uses, 
when necessary, single and double primes, respectively. Thus: 

Heat reversibly communicated 5Q' = T8S' (4) 

Heat irreversibly evolved 8Q" = T5S*. (5) 

This notation is adopted in the following text. 

Br^nsted recognized the necessity of broadening the concept and definition 
of work beyond the limits it enjoys in the classical presentation in order to 
achieve the uniform and systematic treatment which he desired for all forms 
of energy. 

In the classical presentation, the element of work DW is an inexact dif¬ 
ferential defined as 

DW - PdK. (6) 

Here, d and D are symbols for exact and inexact differentials; p and K are the 
conjugate potential and quantity factors; thus DW — pdV for volume work. 

On the other hand, Br^nsted’s “loss of (potential) work,” 8A % , always 
involves the difference between two potentials. In the reversible case, 
SA% becomes a function of state and represents the maximum work the 
natural process can perform upon the unnatural process with which it is 
coupled. In spite of this similarity, 8A t should not be confused with the 
Helmholtz free energy function bearing the same symbol. 

For the transport of a finite amount of quantity between states the poten- 

* The significance of including terms for the irreversibly produced entropy or the non-compensated heat of 
Clausius—'which Bxyfnsted does in bis “equivalence principle”—was pointed out in 1936.* 

It has been stressed recently by Tolman & Fine 10 See also Eckaet u and Bwdoman.® See also Db 
Dondsk & Van Rysselbebohe, 1 *. m and Leat.b 
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tials of which differ infinitesimally, the “loss of work” assumes the form 
DA = KdP but is not in general integrable. Thus, in the special case, 
where one of the potentials of a component process can be set equal to zero 
and the amount of quantity transported is infinitesimal, the “loss of work” 
assumes the same form and numerical value as the classical equation 6 but 
should not be confused with it. 

Unfortunately, the very use of the terms “work” and “heat” in senses 
which often differ from the time-honored and specific meanings of the 
classical presentation leads to confusion no matter how carefully they are 
defined. Also, it is not easy to look with favor upon a summary replace¬ 
ment of the well-established first and second laws by two new postulates. 
Only when the advantages of the replacement become evident can one ex¬ 
pect general approval. 

When one examines the direct experimental evidence supporting the postu¬ 
lates of energetics, one will find that it is not abundant, because the attention 
of investigators has been directed over the past century to the justification 
of the two laws in their classical form. Although we believe no one who will 
follow through the logical reasoning of energetics will question the validity 
of the postulates on these grounds, nevertheless the critical reader and the 
student approaching the subject for the first time are justified in expecting 
to be led to energetics from an abundance of direct experimental evidence 
with which they are familiar. 

Consequently, many readers and particularly those who have had access 
only to the abbreviated presentations available in English have been un¬ 
sympathetic. Some may have ceased reading before they had had an oppor¬ 
tunity to assess the functional value of the ideas embodied in the new prin¬ 
ciples. As a result, many real contributions contained within the manifold 
of energetics have been ignored. 

One of the objectives of this paper, therefore, is to show that the new 
postulates are completely equivalent to the classical laws, but that they 
have in addition certain valuable simplifying didactic merits. One of these 
is that the new system focuses attention upon the physical structure of the 
concepts and operations rather than upon the mathematical transforma¬ 
tions. 

Also, energetics goes beyond thermodynamics in furnishing a generalized 
model concerning which a universal statement—namely, our rule of poten¬ 
tials (see below)—can be enunciated. This does not imply that more in¬ 
formation is obtained, but only that a concise and unequivocal form of 
statement results. Our original plans were to describe Brjzfnsted’s system in 
the manner in which he arranged it. Discussions with colleagues, as our 
manuscript took shape, demonstrated that confusion resulted from a new 
terminology. This, and, in addition, the existence of a natural reluctance to 
base 1 conclusions upon new postulates until their advantages are clearly 
evident, have led us to reverse the procedure. 
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Thus, in this paper, we shall abstract and emphasize only those facts 
which represent tangible contributions by fitting them into the established 
framework of classical thermodynamics to be used as additional tools.* 
When the reader becomes satisfied that the new treatment is fully equivalent 
to the old, and, through use, becomes more confident in its power and simplic¬ 
ity, we hope he will be less reluctant to follow Brjzinsted’s procedure and base 
all of the reasoning on the new postulates, thus achieving a further gain in 
didactic simplicity. 

To this end, in what follows, we shall avoid objectionable terminology, but 
have retained the advantageous features of the “spirit” of energetics. 
They are listed in the section on assessment. In these respects, much of 
what follows cannot be imputed to Br^nsted alone. 

Concepts and Definitions 

A thermodynamic system is defined as a geometric region whose bound¬ 
aries may be fixed or variable, and which may contain matter, or energy, or 
both. The suitable description of such a system depends, in part, upon the 
specification of the amounts of certain components known as the extensive 
energy factors, which we shall call quantities , following Br^nsted. Thus, it 
is customary to say that the system possesses certain amounts of volume, 
surface, matter, electric charge, entropy, moles of chemical components, etc . 

Consider an isolated system, i.e ., one which cannot receive quantity from, 
or lose it to, the regions beyond its geometric boundaries. In addition, we 
shall at first be concerned only with a system in which no chemical reaction 
is occurring. Any infinitesimal variation which takes place within this 
system is limited, either to the redistribution of quantity among its physically 
distinct parts, or to the production f of quantity within the system, or both. 
Call those variations, associated with redistribution, transport processes. 

The comprehensive description of a thermodynamic system requires the 
numerical specification of another set of entities, known as intensities or 
potentials . In this set, we include the familiar parameters, pressure, surface 
tension, gravitational potential, electrical potential, temperature, and chemi¬ 
cal potential etc., which the reader will recognize are each conjugate re¬ 
spectively to the quantities above. During any infinitesimal change, in¬ 
volving the production and redistribution of quantity the potentials remain, 
sensibly, constant. 

The transport of matter, charge, entropy, and moles of chemical constitu¬ 
ent, etc., between parts of the system requires no comment. The situation 
in respect to volume and surface is much the same. However, it is worth 
while to indicate, clearly, how these latter transports occur. 

* For discussions of the relationship between Br^nstead’s Energetics and traditional Thermodynamics 
see Rosenberg, T. H 1943. I ysisk tidsskrift 41:1; and Holt\n Jr, H 1948. Sabrtrykx Av Tidss- 
KitXTT. for Kemi, Bergvesen og Metallurgy 8: 124-129 

t The only quantity which can be produced, * which is not conserved, is entropy, in irreversible pro¬ 
cesses. In the reversible case, entropy and thermal processes can be treated in full conformity with other 
quantities and processes as emphasised by Br^nsted. 
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Imagine a box (figure 1) equipped with a movable partition (cross- 
hatched) which separates two gases at the pressures p 2 and pi , respectively; 
pz > pi . The partition moves to the right, as indicated by the arrow, and 
the volume, 8V, originally on the right of the partition, appears on the left. 
In this sense, the volume is transported from the region of lower pressure, 
pi , to that of higher pressure, p 2 ; i.e., the potential conjugate to volume is 
negative pressure. Similarly, we can consider the transport of surface. 
Consider two films (figure 2) having the tensions, 72 and 71 ; 72 > TiJ which 
are distended between two fixed wires (extremes); and a wire free to move as 
the films demand (center). The center wire will move spontaneously to the 


R>> P« 



Figure 2. 


left, as the arrow indicates, and the surface 8a will be transported from left 
to right, from the region of higher surface tension to that of lower. 

The Brjtnsted Principles Derived from the First and Second Laws; the Non - 
Compensated Heat of Clausius * 

Choose an isolated system which is not the seat of chemical reactions, and 
divide it into localities, in each of which the potentials are uniform . By 
combining the first and second laws of thermodynamics, we follow Gibbs 
and write for the variation 8Ej of the internal energy of thej th locality, during 
any infinitesimal change: 

8JE = T8S — p8V + 7 8a -f- XI u%8ni -f- <j>8m + p8e. (4.1) 

i 

* Since the non-compensated heat measures the amount of energy that became unavailable as useful work 
in an irreversible process, and is zero for reversible processes, we prefer, for the present, to emphasize this 
concept, also, for reversible processes, rather than the Brpfnsted concept ‘loss of work” (which is defined 
differently from the traditional “work” of thermodynamics). The non-compensated heat as a measure for 
“loss of potential work’* has been emphasized by Toucan (see ref. 10 and patents dted there). 
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In equation 4.1 and in all of the following equations to 4.16 we have 
dropped, for simplicity, the subscript j which should modify every symbol 
in these equations to specify that it refers to the j th locality. 

Here, T = temperature; p = pressures = surface tension; 

S = entropy; V = volume; n x = moles of the i th species; 
m = mass; e = electric charge; <r = surface 
dE 

in — r— = chemical potential of a mole of the i th species 

Ofli 

dE 

(/>——== gravitational potential of a gram of matter 
dm 

dE 

yp * — = electrical potential of a coulomb of charge. 


Now: 


mi — UiMi 

e< = n%Z x 7 
Y dmi = <5w 


5m x = 

5€ t ‘ == ZiJdfii 

Y 8ei = 8e 


where Mi is the molecular weight, Z t is the charge per molecule of the i tYi 
species, and 7 is the Faraday constant. 

Accordingly (4.1) can be rewritten 

dE = TdS — pdV + 75a-+ Y, + Mi<j)i + Zi$\p)8ni. (4.2) 

Where the sum (/a* + M % <p x + Z % 7yp) can be conveniently replaced by the 
symbol X<, where X* is a general component potential for the i th species; e.g. 
in the electrical case (/x» + Z t 7p) becomes the now well-known electrochemi¬ 
cal potential of Guggenheim 16 which Br 0 nsted adopts and employs effectively 
in treating galvanic cells . 1 * 8(0(17(18 

TdS represents the heat which could be absorbed by the locality if the 
variation were conducted reversibly. In order to calculate dE , it is, there¬ 
fore, demanded that the additional terms in (4.2) which represent work 
terms, be those which would obtain if the variation were conducted revers¬ 
ibly. In other words, p , 7 , and X* must be equilibrium values. If we repre¬ 
sent dQ f as the heat which would be absorbed if the variation were con¬ 
ducted irreversibly, then 

TdS - dQ! > 0. (4.3) 

Accordingly, we write 

TdS - dQ' + TdS" (4.4) 

where, by virtue of equation 3: 


TdS" > 0 


( 45 ) 
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in the irreversible case. In the reversible case, equality exists for (4.5) 
and the double primed quantity vanishes. The term T8S" is the so-called 
non-compensated heat of Clausius represented by 8Q" while 

s -f = SS' (4.6) 

where 8S' is the entropy which is transported into the locality, through its 
boundaries. 8S" represents the entropy produced within the/ h locality by 
whatever irreversible phenomena are occurring there. 

The variation of entropy, as ordinarily defined (no prime) is a sum 
given by 

6S = 8S' + 8S" = ^ + (4.7) 

For an irreversible variation in the/ 11 locality, the first law gives 

8E = 8Q' - MV' (4.8) 

where 8W r is the work performed by the locality upon its surroundings. 
Substituting for 8Q' we get 

8E = T8S - T8S" - 8W' (4.9) 

Equation (4.9) indicates clearly that the non-compensated heat represents 
work which is potentially available, provided that the variation associated 
with 8E is carried out reversibly. 8E and 8S have the fixed values, being 
exact differentials, independent of whether or not the change occurs re¬ 
versibly. 

Therefore, the sum of the residual terms 

-T8S” - 8W f (4.10) 

is fixed for the defined variation. 

In the limit of reversibility, 8S" is zero and consequently 8W' has its 
maximum value. All of the non-compensated heat can be obtained as 
useful work in this limit. 

Now (4.10) is substituted into (4.9), yielding 

8E - TBS' + TBS" - pBV + 7<5<t + E X,5»< (4.11) 

i 

for each/ h locality. 

To compute the variation of the total internal energy of the isolated 
system we sum over two types of localities. The first summation is over 
all of they localities. Frequently, the system may contain localities whose 
quantities are invariant to any general change. Fixed weights, or charges 
are examples. Equation (4.11) cannot be used for the computation of the 
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variation of the energy connected with the transport of such quantities, 
since all of its differentials are quantities and consequently equal to zero. 
Instead 

5Ek — (<t>k 4* 84>k — 4>k)mk — mktyk (4.12) 

where <f> is the gravitational potential and m is the mass is suitable if we deal 
with a weight, while 

8Ek = ()Pk + &Pk — Ph)ek = ejfc&^jfc (4.13) 

is likewise suitable if we deal with an electric charge. Then the total 
variation of 8E, the internal energy of the isolated system, is representable as 

5-E — 23 + 23 + 23 *k bpk (4.14) 

i k k 

and can be set equal to zero since the system is isolated. Accordingly, from 
(4.11) we obtain (4.15) 

SE = E TjSS'i + T.T, 557 -Ea SVi + E 7, to, + E X Xo Sn,j 

i i i i i i 

+ 23 &i>k + 23 fyk = o. 

Jb As 

This equation can be rearranged immediately as follows: 

-23 Tjds'j + 23 pjWj — 23 7; fa* — 23 23 ^ 

' V _ ,, (4.16) 

— jLu Mk 8<t>k — 23 = 23 TjdSj. 

k k j 

Since we have excluded the possibility of chemical reactions, all of the 
quantities on the left in (4.16) satisfy the condition of conservation for 
reversible processes in the isolated system. Thus: 

E SS'i = 0; E SVj = 0; E «<ry = 0; E = 0. (4.17)* 

i i i i 

A further rearrangement of the left member of (4.16) can be effected in 
the following manner. Consider the sum 23 Pi 8Vj and specialize for 

i 

simplicity to the case where it equals 

pi&Vi + p%8V 2 + pz8V$ (4.18) 

Then the isolated system is a box, similar to that used in figure 1, but hav¬ 
ing, in this case, (figure 3) two movable partitions, separating regions 
having the pressures p i, p% , and pz , respectively. Now by the conservation 
of volume 

8V t + dV 2 + bVz - 0. (4.19) 

* 23SJ - 0 because 8S' is that part of the entropy which transported. 28V f and 28a j can always be 

set equal to aero by defining, if necessary, transports to and from regions of zero pressure and zero surface 
tensions. Neither (415) (4.16) or (4.17) are affected by these transports because the terms referring to 
those localities of zero pressure and surface tensions necessarily have zero values. 26»i / «* 0 because we 
have excluded for the moment the possibility of chemical reactions. * 
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It is apparent, from figure 3, in which Pi > P 2 > Pi, that 

SV 2 - SVi + SV2 

SVi = - bV 2 + > 0 (4.20) 

SVi = - SVi > o 


so that (4.19) is satisfied. Using the notation of (4.20) we can write for 
(4.18) the expression 


or 


P18V1 — P%.8V\-\- P28V2 — Pa8 V 2 


(pi — pz)hV 1 + (P 2 ~ Pz)8V f 2 


(4.21) 


In other words, (4.18) is identical with a sum, each term of which consists 
of the product of a potential difference, multiplied by the quantity which 
is transported through the potential difference. It is always easy to recog¬ 
nize the transported quantities. 


SVi 6Va 



By induction, this result is perfectly general, and can be applied to all of 
the sums on the left-hand side of (4.16). We thus effect the complete 
rearrangement, and write, finally, the important equation: 

SA - E SKr(P r(imtial) - Pr(final)) = E TjS?! >0 (4.22) 

r 9 

Equation (4.22) is the analytical form of the combined Brjrfnsted principles. 
The equality applies to reversible processes, i.e the “work principle,” 
and the inequality to irreversible processes, i.e., the “equivalence principle.” 
8K r symbolizes a transported quantity, while P r (initial) is the conjugate 
potential in the locality from which, and P r (final) the conjugate potential in 
the locality to which, the quantity is transported. dK r is always greater 
than (or equal to) zero—see equation (4.20). The potential for volume 
always appears as negative pressure. 

Virtual Changes, Coupling, and the Ride of Potentials 

It is to be noted that all of the differentials in (4.22) are specified by the 
symbol, 5, which designates a virtual variation. The term, virtual, implies 
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that the variation may be of the most general kind, and need not be physi¬ 
cally realizable. Although some of the most important phases of thermo¬ 
dynamic theory deal with the subject of virtual variations, very few authors 
have succeeded in presenting this subject clearly. The virtual variation is 
an important adjunct of the Brjzfnsted treatment and hence requires dis¬ 
cussion. 

Any displacement from equilibrium subject to the same constraints which 
are imposed upon the system at equilibrium is, strictly speaking, impossible. 
A real displacement can only occur by the alteration of one or several of the 
constraints. In this sense, any displacement which a system in eq uilib ri um 
undergoes is a virtual displacement. Let us confine our attention to dis¬ 
placements which are infi n itesimal. 

A system in equilibrium can experience two types of infini tesimal virtual 
displacements. The first type involves a displacement, joining equilibrium 
states (quasi-static), while the second involves a displacement which origin¬ 
ates in equilibrium and terminates in non-equilibrium. The former is the 
asymptotic limit of some real process, while the latter has no basis in reality 
whatsoever. 

The reader is undoubtedly familiar with many specific examples of quasi¬ 
static processes. Examples of this type will be given in the chapter on 
these processes. 

For a concrete example of a non-quasi-static displacement, consider a 
liquid drop, in equilibrium, surrounded by its vapor. It would be im¬ 
possible, unless the system were severely altered, to transport isothermally 
dn moles of the drop to the region of its vapor without, at the same time, 
transporting some of its volume and surface area. On the other hand, there 
is nothing to prevent us from imagining the physically impossible transport, 
during which the drop simultaneously dilates, so that its volume and surface 
area remain constant. It is evident that this would represent a displace¬ 
ment, passing from an equilibrium, to a non-equilibrium state. 

In order to obtain a clear understanding of the usefulness of the method 
of virtual displacements, it is absolutely necessary to have a broader defini¬ 
tion of a “thermodynamic stale” than the one ordinarily given. Usually 
a “state” means an “equilibrium state” whose reproducible properties can be 
described by a minimum number of macroscopic parameters. Any function 
of state, e.g ., the free energy, has these parameters for arguments. 

In a larger sense, a state can be defined as any reproducible condition 
of a system, either in equilibrium or in the process of change. A non-equili¬ 
brium state will, in general, require a larger number of parameters for its 
description, than an equilibrium state. In the extreme case, the dynamical 
specification of every microscopic particle in the system may be required. 
In any event, any function of state, e.g., the free energy, will depend upon a 
larger number of variables, but will remain a defined function. From the 
operational point of view, an equilibrium state then becomes a special kind 
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of state, defined by the minimum number of parameters. It can be repre¬ 
sented by a point in “state-space”, i.e., the space whose coordinates are the 
parameters defining the state, in the most general sense. 

An infinitesimal displacement from equilibrium is represented by an 
infinitesimal path in “state-space” originating at the point of equilibrium. 
A number of these paths will satisfy the condition that the temperature and 
pressure remains constant along them. It is a classical criterion of equilib¬ 
rium that, for an infinitsimal displacement along any one of these isother¬ 
mal, isobaric paths, the free energy of the system remains unaltered. This 
free energy is understood to be defined in the larger sense, so that it remains 
a defined function of a non-equilibrium state. For the application of this 
criterion, it is inconsequential whether the displacement is or is not quasi¬ 
static. All that is demanded is that it be infinitesimal and that it originate 
in equilibrium. In particular, it may be of the type illustrated above, in 
connection with the spherical drop. 

The point that many fail to grasp is that one does not seek information 
about the condition of the system along the path of the infinitesimal displace¬ 
ment but only about the condition at the origin of the path. Others have 
difficulty in conceiving the significance of the free energy along a non-quasi¬ 
static path because the description of a “state” as an equilibrium state has 
been over-emphasized. 

The free energy has been chosen as an illustration because of its familiarity. 
However, all of these implications concerning virtual variations can be trans¬ 
ferred, in full, to the “work principle,” (4.22), when employed as the cri¬ 
terion of equilibrium. This equation (like other criteria) imposes the 
demands of thermodynamics upon a system in equilibrium. Very often, 
however, certain extra-thermodynamic conditions are imposed upon the 
behavior of the system. When this is true, all of the virtual displacements 
must be consistent with these conditions. 

For example, return to the consideration of the drop. We may impose 
an extra-thermodynamic condition upon the system represented by the drop 
and its vapor, namely, the geometric condition which specifies that the 
transport of volume from the drop to the vapor must occur, in such a manner 
that the spherical shape of the drop is retained. It is then not permissible 
to carry out a virtual variation during which the volume, $v, is transported 
without the simultaneous transport of the surface, d<r , because both are 
connected by the geometrical relation 

6v m L Sir (S.l) 


where r is the radius of the drop. 

The equality and inequality (4.22) represents a compact and extremely 
useful expression of the laws of thermodynamics. In addition, it fu rnish es 
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a very satisfying model for the internal behavior of a thermodynamic system. 
These contentions shall be demonstrated in detail. 

From the nature of the rearrangement (4.22), it is clear that the potentials 
conjugate to the different quantities are, m order, as shown in table 1. 
In mechanics and field theory, “potential” has the significance of determin¬ 
ing the direction of change. That this significance is retained, unaltered, in 
table 1 can easily be shown. 

To do this, consider a system undergoing a virtual change which consists 
of a single transport, such that all of the terms on the left of (4.22) with the 
exception of one, 8K x (P X ( imtia \) — iVfinai)), are zero. Then (4.22) reduces to 

8A = 8K x (Px( mitial) — P x(final)) = 2 Zj AS/ > 0 (5.2) 

3 

In (5.2) as in (4.22) the inequality corresponds to a natural irreversible 
change, i.e ., one which does occur spontaneously, and the equality cor¬ 
responds to a reversible process or to a displacement of a system in 

Table 1 


Quantity 

Potential 

volume 

negative pressure 

entropy 

temperature 

surface 

suiface tension 

moles of chemical components 

component potential* 

mass 

gravitational potential 

charge 

electrical potential 


* Note that we ate replacing the ordmaiy Oibbs chemical potential n by the more general component 
potential defined in the chapter on the derivation of Brj*nsted’s principles. 


equilibrium. Since 8K X is arbitrary and positive, it follows that the expres¬ 
sion in brackets (potential difference) is positively different from zero when 
a real change takes place. Finally, we observe that the potential difference 
is zero when no change takes place (when the system is in equilibrium). 
Therefore, a finite difference of potential bears a one-to-one correspondence 
to change, while no potential difference corresponds to no change. For 
this reason, potential difference may be regarded with complete consistency 
as the motivating factor for change. Taking account of the subscripts 
“initial” and “final” in (5.2), it is to be observed that all quantities tend to 
move from a higher to a lower potential. These conclusions which we have 
derived from the laws of thermodynamics, Brjzfnsted introduces as observa¬ 
tions of experience to justify the reasonableness of his principles. 

The form (5.2) was achieved by restricting the virtual change to a single 
transport. But suppose this is not possible, as in the example offered 
previously, concerning the volume and area of a spherical drop. In that case 
the quantities, volume and area, were coupled together so that the movement 
of one demanded the movement of the other. For such a case, the form 
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(5.2) could not be achieved. Then it could not follow that the potential 
differences conjugate to the coupled quantities would be required to be zero 
at equilibrium. 

We are thus led, quite rigorously, to a general rule which we shall call the 
rule of potentials, namely, that all potential differences necessarily vanish at 
equilibrium except those corresponding to conjugate transported quantities which 
are coupled to other quantities . In particular, since chemical components 
are never coupled so as to defy an individual virtual transport , the component 
potential \ t corresponding to the i th species is identical in every locality 
when equilibrium has been attained. 

In the usual presentation of thermodynamics the rule of potentials, 
enunciated above, can only be proved by inventing a suitable characteristic 
function for each case and by setting in motion the machinery of the 
Lagrange method of undetermined multipliers. In the current presentation 
it has been obtained rigorously and in a single stroke by utilizing a satisfactory 
physical model for the thermodynamic system in which constraints can be 
described in terms of bonds, “coupling.” 

This result constitutes part of the evidence for the contention that (4.22) 
is a compact and useful expression of the laws of thermodynamics, and that 
it furnishes a good model of thermodynamic behavior. We shall now pro¬ 
ceed to examine the beautiful and consistent description which it provides 
for the state of “internal equilibrium” when coupling exists. 

A Model for Internal Equilibrium 

When there is coupling, the potential differences conjugate to the coupled 
quantities are not necessarily zero. If we write (4.22) for the process in¬ 
volving the reversible transport of these quantities, we retain only the 
equality, and have: 

X) bK r (P r(initial) ^r(final)) = 0. (6.1) 

coupled 

Physically, the situation in (6.1) can be described as follows. Each of the 
coupled quantities is invited by its conjugate potential difference, to move. 
But the movement of one quantity, in the direction specified by its conjugate 
potential difference, compels (because of the bonds between quantities) other 
quantities to move in directions opposite to those specified by their own 
potential differences. At equilibrium, all of the opposing tendencies bal¬ 
ance, and this is signified by the condition (6.1).* 

Treatment of Quasi-static Processes 

In the first place, it is to be noted that a quasi-static displacement is one 
along which the system remains in equilibrium. Consequently, all of the 

* This model of equilibrium (*.«., coupling between basic processes) was applied in BrjtfnstecTs last mono- 
graph* to the treatment of the reversible aspects of steady state processes, ej., in the thermoelectric 
cdl he utilizes the coupling between a mole of electrons and the entropy associated with it. Similar pro¬ 
cedures were employed for the gas transpiration cell. v v- 
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potentials in the system are subject to the restrictions of our rule of poten¬ 
tials. In addition, since a quasi-static displacement has a limit-basis in 
reality, we shall consider it formally to be a real change and accordingly 
employ the symbol d rather than 5 to symbolize differentials. 

The Reversible Expansion of a Gas. Consider a gas (figure 4) 
having the pressure p , separated from a vacuum by a partition upon which 
a weight, m , rests which is almost, but not quite, heavy enough to maintain 
equilibrium. The containing vessel is surrounded by a reservoir of tempera¬ 
ture, T . The isolated system which we need to consider consists of the 
reservoir and the container plus its contents. 

Under the prescribed conditions, the partition will move upward the 
distance, dh , and the volume, dV, will be transported from the vacuum to the 



Figure 4. 


pressure, p. Corresponding to this transport the loss of spatial potential 
work is given by 

dA 0 p*t= -(*- p)dV - pdV. (7.1) 

There is an accompanying loss of gravitational potential work 

- \gh - g{h + dh)] m = —mg dh. (7.2) 

There will also be a flow of entropy between the reservoir and the gas. The 
variation is quasi-static and the rule of potentials can be applied. Since 
there is no extra-thermodynamic relation coupling the transport of entropy 
to other processes, it follows that the potentials conjugate to the entropy, 
i.e the temperatures are the same in the gas and in the reservoir. For the 
thermal loss of potential work, we obtain 

Athena - 0 . (7.3) 

However, there is an extra-thermodynamic, geometrical relation between 
dV and dh, and thus the spatial and gravitational processes are coupled. 
This is consistent with the rule of potentials; the corresponding losses of 
potential work do not have zero values. 
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Upon substitution of (7.1), (7.2), and (7.3) in the equality of (4.22), we 
obtain the result 

pdV — mg dh = 0. (7.4) 

Br^nsted has commented upon the fact that it is customary to regard the 
motivation of the quasi-static process just described as originating in the 
reversible flow of heat from the reservoir to the gas, or, what amounts to the 
same thing, in the transport of entropy. He points out that it is more con¬ 
sistent to regard the transport of volume as the motivating factor, since it is 
here that a finite potential difference exists (see equation (7.1)), and we 
have considered a potential difference to be the motivating factor for change 
(see the section on virtual changes). 

Carnot Cycle—Coupling of Thermal and Mechanical Basic Proc¬ 
esses. As an important example of the direct use of the equality in (4.22) 
we give Brjrfnsted's treatment of the reversible Carnot engine. Let the heat 
absorbed by the engine at the upper temperature T\ be DQi = T x dS and 
that rejected at the lower temperature T 2 be DQi = T 2 dS: 

= ^ = (7.5) 

1 1 I 2 

The thermal process in the heat engine thus consists in the reversible trans¬ 
port of an amount of entropy dS between the temperatures T\ and T 2 . 
The reversible mechanical work, DA, obtained from the engine may consist 
in the transport of a weight m from a lower height h, to a higher height 
h + dh: DA mechanical = “ mgdh. In any case, regardless of the nature of the 
mechanical work, (4.22) gives: 

(Xi — T 2 ) dS + m echani cal = 0. (7.6) 

or, introducing (7.5): 

DA mechanical = DQi (7.7) 

11 

To be consistent, the driving force may be considered to originate in the 
thermal process, fthe tendency of the entropy to go from the higher to 
the lower temperature. Since this process is coupled and balanced through 
the engine to a mechanical process, it can only occur reversibly through the 
simultaneous performance of mechanical work. 

The reader is referred to the original articles 4,7 for Brjzfnsted's objections 
to the Clausius' interpretation of the Carnot Cycle.* 


The Gibbs-Duhem Equation 


In treating problems of equilibrium, it is often necessary to have a dif¬ 
ferential relation which connects the real variations (symbol d) of the 


* See also, V. K. LaMsr, "Some current misconceptions of Carnot’s Memoir and Cycle ” 
before American Physical Society, Jan. 29,1949, to be published in Am. J. Phys. 


Paper read 
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different potentials, rather than the extensive properties, obtaining in a 
given phase. The general relation, which we shall call the g ener aliz ed 
Gibbs-Duhem equation, has the following form: 

SdT — vdp + £ n t d \, = 0. (8.1) 

t 

Equation (8.1) can be obtained, in a simple and straight-forward manner, 
by applying the equality contained in (4.22) to a selected reversible trans¬ 
port. 

Consider a phase whose potentials are specified by the pressure p, the 
temperature T, and the component potential for the i th species, X,. Con¬ 
sider another phase, having the potentials, p + dp, T+ dT , and X* + d \ t , 
which contains the same chemical species as the first phase. Now, combine 
these two phases in a rigid, adiabatic shell, so that they form an isolated 
system. Since the potentials in the two phases differ, infinitesimally, the 
transports which now occur, do so reversibly. We can thus apply the 
equality, contained in (4.22), to these transports. 

[(T + dT) -T]dS + [p- (p + dp)] dV 

+ t(^» + d\ t ) — Xj dn % = 0 (8.2) 

or 

dS dT — dV dp + dn t dX,* = 0. (8.3) 

» 

This equation places no restriction upon the amounts of quantity dS, dV , 
and dm which are transported, since there is only one dependent variable, 
and we can always choose this to be one of the potential differences, i.e., 
dT, dp, or d\i . By suitably adjusting the amounts of quantity, originally 
present in the two phases, it is always possible to adjust the transport so that: 

dS: dV : in* — S: V:m. (8.4) 

Here, S, V , and n t are the quantities in the first phase. This means that the 
quantities, transported, combine to form a replica of a portion of the first 
phase. Because of (8.4), (8.2) can be multiplied by a constant to yield 
(8.1), which is the Gibbs-Duhem equation for the first phase. Since the 
first phase was arbitrary, (8.1) is applicable to any phase.* 

The derivation of (8.1) is again an illustration of the compactness and use¬ 
fulness of (4.22). In the usual presentation of thermodynamics, it is 
necessary to invent a function of state, and to apply Euler’s theorem for 
homogeneous functions, before (8,1) can be derived. 

Treatment of Equilibrium 

We are now in a position to apply (4.22) to the solution of problems of 
equilibrium. In a sense, we have already, partially solved every conceivable 

* Our use of the equality (4.22) for the derivation of the generalized Gibbs-Duhem equation is slightly 
different from that of Btfnsted.* 
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problem of internal equilibrium by the use of (4.22), since we have been able 
to arrive at the conclusion that the component potentials are uniform 
throughout the system when equilibrium has been attained. To obtain a 
more tangible and comprehensive description of the interior of a system at 
equilibrium, we have only to proceed from this point by the usual methods 
of thermodynamics, taking account of the manner in which the component 
potentials are related to the other parameters which determine the state of a 
given locality. 

Stofa.ce Tension and Internal Pressure of a Drop. However, we 
have not exhausted the utility of the equality in (4.22) for, in many cases, 
it yields an immediately useful result, over and above that pertaining to the 
equality of the component potentials. As an example, compute the dif¬ 
ference in pressures, inside and outside of a drop, having the radius, r. 
Choose, for the isolated system, the drop surrounded by its equilibrium 
vapor, contained in a rigid, diathermic shell which is placed in a thermostat. 
Since the temperature is, everywhere, uniform, the terms referring to the 
transport of entropy vanish from (4.22). The same, of course, is true 
of the transport of material. Writing the equality (4.22) for the transports 
attending the transport of moles of material from the drop to its vapor, we 
find that only the terms corresponding to the transport of the “coupled” 
quantities volume, 5V, and surface dcr, can have non-zero values. This 
follows from the rule of potentials. 

We thus have for (4.22): 

— (pi — Pz)bV + (y — 0)5<r « 0 (9.1) 

Here, p 2 is the pressure of the vapor, p h the pressure inside the drop, 0, the 
surface tension of the hypothetical surface, in the vapor, and, 7 , the surface 
tension of the vapor-drop interface. Substituting (5.1) into (9.1) the 
familiar formula of Kelvin, specialized to a sphere follows immediately. 

Pi - P* - (9.2) 

Chemical Equilibrium 

Thus far, systems in which chemical reactions occur have been excluded 
from consideration. This was done as a matter of convenience only, and 
does not represent any fundamental insufficiency of the Br^nsted treatment. 
The inclusion of the chemical reactions as a possible source of variation 
necessitates the introduction of a slight modification in equation (4.15). 

The rearrangement of (4.15) to yield (4.17) is no longer valid, since any 
particular type of molecular species, entering into the reaction, is not con¬ 
served. It is possible to modify (4.15) so that in place of the mole numbers 
either the numbers of atoms of particular kinds, contained in a particular 
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molecular species, inhabiting a given phase, serve as parameters. It is also 
possible to use the masses of the various molecular species in this connection. 
Both atoms and mass are conserved, even in the presence of a chemical 
reaction, and so a rearrangement of the desired type is possible. 

However, it is more expedient, for chemical purposes, to define a pseudo¬ 
quantity 8a, which is also conserved. Let v r and v P be the stoichiometric 
coefficients of the r th reactant and p th product, in a given chemical reaction 
of the type: 2v r R r = 2v p P p , where R r and P p are the molecular symbols of 
the r th reactant and p th product. Let v T and v p both be positive ,. Then* 


s« B = 

for all r 

(10.1) 

So, = Z2 
** 

for all p. 

(10.2) 

From stoichiometric considerations, it is evident that 

8a p + 8an = 0. 


(10.3) 


For simplicity let us restrict our attention to a system in which the mole 
numbers are varied by a single chemical reaction confined to a single phase. 
This result can be generalized easily, as the occasion requires. 

Then the term in (4.18), —22\ tJ Sn tJ , reduces to —2\ XJ 8n lJ and by virtue 

j % % 

of (10.1) and (10.2) this becomes 

“ (£ Vr Xr $OtR + £ Xp &<*p) (10.4) 

r p 

or 

— (8ocr £ ,rX r + 8a P £ v p \ P ) (10.5) 

r p 

and by the use of the new conservation condition (10.3), we obtain the form 

(SvrX r - 2v^ P )8a P . (10.6) 

If we define 

Xp - 2vpK p (10.7) 

X* « 2v r \ (10.8) 

as “system potentials” for the pseudo-quantity, 8a P , (10.6) indicates that the 
form (4,22) can be extended to chemical reactions. 

Indeed, for any reaction proceeding isothermally and isobarically, the work 
principle now demands that at equilibrium 

(Xjj — Xp) 8a P “ 0 (10.9) 

or that the “system potentials” 

Xjb ** Xp (10.10) 

* It will be noted that cep, bat notce^, is tbe degree of advancement of reaction employed by De Bonder. 
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(10.10) yields the law of mass action when the individual potentials are sub¬ 
stituted. 

In closing, it is to be noted that the pseudo-quantity can be used as a 
measure (on stoichiometric grounds) of the rate of transport of the real 
quantity, mass, from reactants to products. 


Inversible Processes 

The inequality contained in (4.22) provides a direct means for computing 
the production of non-compensated heat during an irreversible process, 
provided that the transports involved are recognizable and that the irre¬ 
versible process conducts itself in such a way that each stage can be de¬ 
scribed by what are sensibly equilibrium parameters. 

We shall consider one example of this type. A single thermostatted 
phase, the seat of a chemical reaction, but nevertheless in mechanical and 
thermal equilibrium, represents a system satisfying the requirements just 
mentioned. The only transport having a non-zero term will be that cor¬ 
responding to the transport of the pseudo-quantity da P . The system is out 
of equilibrium so that entropy is being produced. Equation 4.22 then 
reduces to 


(X* - \ P )da P = TdS". 




If we divide by dl and define the velocity of reaction, fl, as 


dap 

V ~ It 

we obtain 

(X* - X,)* = T d ^ f 


or 

dS tf (Xfi — Xp) 

. - S fl 

it T 


a result given by De Donder. 


( 11 . 2 ) 


(11.3) 


(11.4) 


Assessment 

The favorable points for equation (4.22) follow: 

(a) It provides a satisfying model for the internal behavior of an isolated 
thermodynamic system. 

(i) It leads simply, and with a minimum of mathematical expenditure, 
to a simple rule of potentials. As a corollary, the general result asserting 
that the component potentials are uniform, at equilibrium, is obtained. 
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In the classical discipline, the concepts and ideas are not available to make 
such a concise universal statement. 

(c) The generalized Gibbs-Duhem relation is obtained with a minimum of 
mathematical expenditure. 

(d) In cases of coupling, (4.22) leads to an immediately useful result 
concerning the features of equilibrium in a system where the coupling phe¬ 
nomena exist. By this it is implied that properties, other than the fact 
that the component potentials are uniform, are described. 

(e) In some instances, (4.21) afiords a direct means of calculating the non- 
compensated heat evolved in an irreversible change. 

Finally, we do not assert that equation 4.22 is the most convenient form 
for all thermodynamic purposes. Attention is always focused upon an iso¬ 
lated system, which means any system of physical interest plus its environ¬ 
ment. In this way, some of the detachment which is gained by defining 
thermodynamic potentials which are functions of the state of some particu¬ 
lar non-isolated system is lost. However, by combining both methods of 
attack, fruitful results are obtained. 

Summary 

A brief exposition of the salient features of Brjzfnsted’s Energetics is given. 
The complete equivalence of his basic postulates, namely, the work and the 
heat and equivalence principles in respect to the two laws of classical thermo¬ 
dynamics, has been demonstrated by deriving his postulates from these 
laws. Some of Br^nsted’s fundamental conceptions, e.g., the existence of a 
potential difference as the motivating factor for the occurrence of a basic 
process, balanced coupling of basic processes to produce reversible processes, 
the localized production of entropy in irreversible processes, etc., emerge as 
necessary consequences in this derivation. 

The compactness and elegance of Br^nsted’s approach are illustrated by 
simple examples using his work principle and a rule of potentials given by us. 
An assessment of the merits of the system is given. 
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THE EFFECTS OF SHAPE ON THE INTERACTION 
OF COLLOIDAL PARTICLES 


By Lars Onsager 

Sterling Chemistry Laboratory , Yale University , New Haven , Connecticut 

Introduction, The shapes of colloidal particles are often reasonably com¬ 
pact, so that no diameter greatly exceeds the cube root of the volume of 
the particle. On the other hand, we know many colloids whose particles 
are greatly extended into sheets (bentonite), rods (tobacco virus), or flexible 
chains (myosin, various linear polymers). 

In some instances, at least, solutions of such highly anisometric particles 
are known to exhibit remarkably great deviations from Raoult’s law, even 
to the extent that an anisotropic phase may separate from a solution in 
which the particles themselves occupy but one or two per cent of the total 
volume (tobacco virus, bentonite). We shall show in what follows how 
such results may arise from electrostatic repulsion between highly aniso¬ 
metric particles. 

Most colloids in aqueous solution owe their stability more or less to electric 
charges, so that each particle will repel others before they come into actual 
contact, and effectively claim for itself a greater volume than what it actually 
occupies. Thus, we can understand that colloids in general are apt to 
exhibit considerable deviations from Raoult’s law and that crystalline phases 
retaining a fair proportion of solvent may separate from concentrated solu¬ 
tions. However, if we tentatively increase the known size of the particles 
by the known range of the electric forces and multiply the resulting volume 
by four in order to compute the effective van der Waal’s co-volume, we have 
not nearly enough to explain why a solution of 2 per cent tobacco virus in 
0.005 normal NaCl forms two phases. 

General Kinetic Theory and Conventions . Some care is needed when 
we apply the general principles of statistical thermodynamics to solu¬ 
tions of colloidal particles. On one hand, any force acting on a particle 
of whatever size is important as soon as the work of the force is comparable 
to kT, On the other hand, the presence of one colloidal particle will usually 
affect the free energy of dilution of the electrolyte present by a large multiple 
of kT, This difficulty must be circumvented by all theories and experiments 
pertaining to the distribution of colloidal particles. One suitable piece of 
experimental apparatus is an osmometer whose membrane is impermeable to 
the colloidal particles, but permeable to all small molecules and ions of the 
electrolytic solvent. The osmotic pressure measured across such a mem¬ 
brane will be exactly proportional to the number of particles if the solution 
behaves like an ideal gas. The analogy can be extended to real gases and 
real solutions, whereby the gas pressure still corresponds to osmotic pressure. 
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The imperfection of an ideal gas can be computed when we know the forces 
between the molecules for every configuration. For that purpose, we have 
to evaluate the integral 

B(T) = fe~ u,kT dr/N\ (1) 

where u stands for the potential of the forces and dr denotes a volume ele¬ 
ment in configuration-space. The free energy of the gas in terms of this 
integral is 

F{N, V , T) - Nix 0 (T) - VT log B(N, V , T) (2) 

where the additional function jtio(T) depends only on the temperature and 
does not enter into the computation of the pressure, 

p « -(dF/dV) NtT - kT(d log B/dV). (3) 

The osmotic properties of a colloidal solution can be computed by a similar 
procedure. What we need to know initially is the potential 

w((?i), ($ 2 ),... (q»)) 

of the average forces which act between the particles in a configuration de¬ 
scribed by the sets of coordinates ( qi ), ( 52 ),... (qn p ) of particles 1 , 2 ,..,^. 
In general, it is necessary to specify the orientations of the particles as well 
as the positions of their centers, and the work against the corresponding 
torques must be included in w. 

With 

Bl(N p , V, T) = f e~ ulkT dr/Np ! (4) 

we have then 

F (solution) — F (solvent) 

= Np n; (T, solvent) - kT log B t (n v , V, t') . (S) 

Here, the difference between “solution” and “solvent” means that the 
former contains colloidal particles, and we compare solutions of different 
colloid concentrations c = (N P /V) always in “dialytic” equilibrium across 
an osmometer membrane with a “solvent” of constant composition. The 
proportions of ions and molecules present between the particles in the col¬ 
loidal solution may differ from those in the “solvent” as we have defined it. 
This complication can hardly be avoided if we want simple relations and 
precise interpretation of practicable experiments . 

With these conventions the analog of equation 3, 

P - kT(d log Bp/dV), 


( 6 ) 
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is valid for the osmotic pressure and 

Pp - A - kT(d log J B p /dN p ) (7) 

for the chemical potential of the colloidal particles. 

Moreover, the conditions for coexistence of two phases are simply 

P = P' (8a) 

Mp = Mp' (8b) 


The assumed dialytic equilibrium takes care of all small molecules and 
ions. 

Electric Forces . According to theories developed by Helmholtz, Lamb, 
and Smoluchowski, the speed of migration of a colloid in an electric field 
is quantitatively related to the potential difference between the first mobile 
layer of liquid in contact with the particle and the bulk of the solution. It 
is customary to specify the electric charges of particles indirectly in terms 
of this so-called f-potential. The theory is still somewhat incomplete as 
regards cases where the thickness of the electric double layer is of the same 
order of magnitude as the dimensions of the particle; a factor variable be¬ 
tween the limits of unity and 3/2 then enters into the interpretation. 

With slight approximations, the general kinetic theory for the distribution 
of ions near charged particles leads to the well-known Poisson-Boltzmann 
differential equation for the electric potential 


__2. aV , <np . oys 

« d? + di + d; = - -n 


afy 


aV 


4tt ' 


0a 2 dy 


D 


e 3 e 


r e,tfkr 


(9) 


where e x , e 2 , • • - denote the charges of ions present in concentrations n x , 
« 3 , * * * (in the solution or, rather, in a “solvent” maintained in dialytic 
equilibrium), and D denotes the dielectric constant. Whenever the condi¬ 
tion | e$ | < < hT is satisfied for all kinds of ions present, equation 9 may 
be replaced by 

VV = 


k* = (4 v/DkT) z»,4- (10) 


The normal gradient of ^ at the surface of the particle is related to the 
charge density on the particle. We have to expect an implicit boundary 
condition determined by the adsorption and surface ionization in equilibrium 
with ions present at the surface in local concentrations »i exp(—«i ?/kT), 
»*exp(— etf/kT), etc. Since the kinetics of the surface ionization is rarely 
known, the relation 

=» ? «■ constant; (at surface) 


(11) 
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has often been assumed, regardless of modifying factors, although systematic 
variations of f with electrolyte concentration, etc., should be expected and 
have been demonstrated in some cases. We shall not pursue these questions, 
because the expected variations of f will have but little effect on the forces 
between the particles. 

In one-dimensional cases, ^ = y//(x), equation 9 is generally soluble by 
quadratures. However, even the simplest case of a binary electrolyte 
between parallel plates, both maintained at the potential f, leads to elliptic 
integrals (Langmuir, 1938), and the resulting exact formula for the force is 
fairly involved (Verwey and Overbeek, 1948). Their approximation 

K(x) - 16 ft ifer(tanh(eif/4^r)) 2 (12) 

for the force per unit area between two parallel plates separated by a dis¬ 
tance x is valid for not too small distances and will suffice as a basis for 
discussion. We note that the force decreases exponentially and that the 
screening constant k, given by equation 10, depends only on the ionic 
strength of the solvent. Moreover, for any fixed distance d between the 
plates, the force approaches a finite limit with increasing particle potential f. 
These two features are general. 

We may use the result of equation 12 to estimate the force between two 
infinite cylinders of the same diameter d crossing at an angle y in such a 
manner that the mantles are separated by a distance x 0 between the points 
of closest approach. 

We choose Cartesian coordinates in a plane parallel to the axes of both 
cylinders and identify points on the cylinder mantles by the coordinates 
( y , z) of their projections upon that plane. Then, the distance between 
points on the two cylinder mantles with the same (y , z) coordinates will be: 

x{y , z) = ffo + d — cP — y 2 ) 1 ^ — [£ d? — (y cos y — z sin y) 2 ] 1/2 . 

If we allow the approximation 

x(y } z) ~ x Q + (y 2 /d) + ((y cos y — z sin y ) 2 /i), 

and compute the local force density K(x) according to equation 12, an 
elementary integration yields for the total force 

Average Force = (icd/ic sin y)K(xo) (13) 

and we obtain for the potential w of the average force 

4 w/kT = (d/$ sin 7)[tanh(^if/4Ar)] 2 5“"**° (14) 

where we use the abbreviation 

q = el/2 DkT = z\ X 3.56 X 10 -8 cm. (15) 

and ei = —e 2 denote the charges, z\ — —sa the valences of the ions in the 
solvent; the numerical value refers to water at 25°C. 
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As an example, we may consider two perpendicular cylindrical particles 
of d = 150 A. U., f = 0.15 volt, in a 0.005 mol NaCl solution, whereby 
1/k = 43 A. U. We find 

w/kT = 34.5 e”** 0 (16) 

which equals e~ c = 0.561 at a distance 3 0 = $ = 4.12/k = 184 A. U. 

Here, we have neglected the divergence of the electric force-lines, which 
must be quite appreciable because 8 is by no means small, compared to d. 
We apply a correction of the right order of magnitude if we multiply w by 
the factor d/(d + x 0 ); according to the corrected formula we then find 
w = 0.561 kT at a distance of about 151 A.U. 

It will be evident that over a considerable range of particle diameters and 
orientations and over a wide range of concentrations of electrolyte, the 
effective range of the electrostatic repulsion will be a modest multiple of the 
screening distance 1/ k. While exact computations are not available, there 
can be little doubt about the orders of magnitude involved. 

One further observation is in order: unless the electric double layers of 
three particles overlap in the same region , the repulsive forces are additive. 
When ad >> 1, the exceptional configurations are just about impossible; 
but even under much less stringent conditions very few of them can occur. 
On the strength of these estimates, we shall treat the electrostatic repulsion 
as an additive short range effect . For very low concentrations of ions such 
that Kd is small, our procedure may be unreliable. On the other hand, we 
shall make no allowance for differential van der Waal’s attraction. This 
omission would tend to become particularly serious for high concentrations 
of ions and low f-potentials, under conditions approaching those which 
lead to flocculation of the particles. 

Imperfect Gas Theory . We proceed to evaluate the configuration integral 
of Equation 4 according to the general method developed by Mayer and 
Mayer. Assuming additive forces: 

w = w*r((qd, ■ • • ( qtr)) = X) ; (17) 

wn = W 2 ((0i), ($/)) 


we put 

= *«((?<), in)) - - 1. (18) 

In order to avoid confusion with a distribution-function/, we write 
for the functions which Mayer and Mayer denote by . Their notation 
sometimes implies the hypothesis that wa , and with it$a , depends only on 
the distance between two particles. Their specialization is not essential and 
their method is valid, with obvious pertinent modifications, for the more 
general case with which we have to deal. 
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Upon suitable rearrangement of the sum 


e^' kT - 1 + Z + ••• (19) 

i>i 

which now constitutes the integrand of equation 4, Mayer and Mayer 
obtain an expansion for the integral in terms of the irreducible cluster 
integrals 


ft = - J $12 dn dr% 
ft = 2 7 /^ 23 ^ 31 ^ Tl * T2 ^ 73 


( 20 ) 


and these furnish the first two correction terms to the ideal gas laws in the 
expansion 

log B p = N P {1 + log iV/N p ) + mN p /V) + m^p/V) 2 +•••}. (21) 

Similarly, for a solution which contains Ni , • • • , N a , • • • particles, of dif¬ 
ferent types 1 , • • • , s, • • • , respectively, we have 

log B p = Z N .(1 + log (F/AO) + 4 S &(*, *')#. iF.- 




a'.*" 


ft(s, s', s'^NJST,, N t „ 


( 22 ) 


The arguments of the cluster integrals indicate that the functions $ i2 , 
$ 23 , • • • involve the interaction potentials w appropriate to pairs of particles 
from the sets of types (s, s'), (s, s', s"), etc. 

In equation 21, the generalized volume elements dr , are ordinary volume 
elements whenever the forces are central, so that w tJ and with it $ w depend 
only on the distance between the two particles involved; but we shall be 
very much interested in the mutual orientations of the particles. In dealing 
with isotropic solutions, we have two alternative procedures at our disposal. 
The first method is to include an averaging over orientations (£2) in the defini¬ 
tions of volume elements, thus 

drj = dVjdtlj j J dQj. (23) 

With particles of axial symmetry, it is, of course, enough to specify the direc¬ 
tions of the symmetry axes, so that, for a cylindrical particle, we may let 
dQ be an element of solid angle including the direction a, of the cylinder axis: 

dr = dVjdtij/lir. (23a) 

The second method is more general, in that it applies to anisotropic phases 
without periodic structure, in other words, liquid crystals of the nematic 
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type. For the purpose of computing B Pi we then introduce the artifice that 
we treat particles of different orientation as particles of different kinds. 
The distribution of particles among different orientations is determined by 
the condition that B p must be a maximum. Incidentally, the convention 
that the terms log ( V/N ) are now formed separately for each “kind” of 
particles makes due allowance for the entropy of “mixing” (Gibbs Paradox). 
On the other hand, we must remember that the generalized volume in space 
and orientation available to a particle of orientation restricted to an element 
of solid angle dti is only Vdi2 , rather than 4rV for a particle of unrestricted 
orientation. Thus, when we divide the total of all directions in space among 
elements of solid angle Afii, • • • , AQ P , • • • , AQ & surrounding the directions 
ai, • • • , a„, • • • , a s , respectively, these will have populations of particles 
which we shall denote by 

A N, - N P f( a,)AS2,; * = 1, 2,•••,*, (24) 

whereby, of course, 

a 

X) A N, = N P T, /(a„)AJ2, = N p . (24a) 

1 p 

With this notation, equation 21 is generalized as follows: 
log B p ='£ ANXI + log (VA£l,/4*rAN,)) 

P 

H" 2 y 23 » &p*)AN p N v » (25) 

+ 23 a*', b. v ")AN v ANp'AN V " + * • •. 

o V* Pt p', P *» 

Here, the cluster integrals of equation 20 are computed for fixed orienta¬ 
tions ai, a. 2 , viz. ai, a 2 , a 3 , of the particles involved. Replacing the sums by 
integrals in terms of the distribution-function /(a), the integral of which 
is now normalized: 

/ /(a) <K2(a) - 1, (26) 

we may write equation 23 in the form 
log B, = 2V P jl + log (V/Np) - J /(a) log (4x/(a)) di2 (a) 

+ (NJ2V) f j ft(a, a')/(a)/(a0 <Kl dot (27) 

+ (Nl/3V 2 ) Jff ft(a, a', a")/(a)/(aO/(a") dO dQ’ + • • •}. 

The Cluster Integrals . When the forces are repulsive at all distances, we 
have w 0 everywhere, whence the functions defined by equation 19, 
satisfy the inequalities 



634 


ANNALS NEW YORK ACADEMY OF SCIENCES 

-1 ^ ^ 0 ( 28 ) 

everywhere. In this case, the first two cluster integrals ft and ft, defined by 
equation 21 , are necessarily negative, because the integrands are formed 
from one and three negative factors, respectively. The former has a par¬ 
ticularly simple geometrical meaning in the ideal case of “hard” particles, 
which repel each other at contact but do not interact otherwise. 

In this case, we have 

wa = +°°; $</ = — 1; (particles intersecting) 

w % j = 0; = 0; otherwise 

and (—ft) then equals the volume which is denied to particle.; by the con¬ 
dition that it must not intersect particle i . For a pair of spheres of radius r, 
the excluded volume is obviously a sphere of radius 2r . This leads to the 
familiar result first derived by Boltzmann, that the van der Waal’s “co¬ 
volume” (per particle) equals four times the volume of one spherical particle 


b — —£ft = 4(47rr 3 /3) = 

The analogous problem for two cylinders of lengths of h , h and diameters 
di , d 2 is solved in the Appendix; we reproduce here the result (from All) 

-£i(y) = (?r/4)di d 2 (di + d 2 ) sin y (30) 

+ (7r/4)(/i d\ + l 2 d%) + (tt/ 4) (h d 2 + h d\) | cos y | 

+ (Zi H- Z 2 )di d 2 E(sm y) -f- hhidi + d 2 ) sin % 

where jE(sin y) denotes the complete elliptic integral of the second kind 

i»x/2 

E (sin y) = / (1 — sin 2 y sin 2 <p) u * d<l>. (30a) 


For special orientations or dimensions, the formula simplifies more or less. 


The following cases are instructive: 

Y — 0: . -ft - (r/4 )(h + h)(Ai + d 2 y (31a) 

Y = 0: Zi = / 2 = l\ d x = d 2 = d: 8(tt/4 )W (b) 

y — t/ 2: hh{dx + d 2 ) + (h + h + di + d 2 )d x d 2 + ( ir/A ) (Z x d 2 + h d 2 ) 

h = l 2 ) di = d 2 : (c) 

(2 U + (j/2)&) sin y + { (tt/ 2)(1 + | cos y |) + 2 £(sin y)}l <P, (d) 
l x = h * 0: 0r/4)di d 2 (dx + d 2 ) sin y (e) 

Zi = d 2 = 0: (7 t/ 4)Z 2 d 2 1 cos y I (f) 

Z 2 = d 2 = 0: (7r/4)Zi d 2 (g) 

Zx ^ ft + da Z 2 : hh(di + da) sin y« (h) 
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Case (b) yields 8 times the volume of one particle, as for spheres. This is 
generally true for centrosymmetrical convex particles in parallel orientation. 
Most of the others explain themselves. We call attention to the idealized 
cases (e) and (f), where the particles have a mutual covolume although 
neither has any volume, and to the case (h), which shows that the ratio 
(covolume/volume) for long needles is (length/diameter) rather than (4/1). 

The theory of isotropic solutions involves a simple average of equation 30 
over all directions in space: 

— Pi(h, di; h 7 dt) 

— 2 b = — J £ 1 ( 712 ) d^/Ar 

= — ^ f @ 1 ( 7 ) sin y dy 

= (x/4) 2 <fj d 2 (di + dt) + (x/4)(ii d! + h d\) 

+ (tt/ 8 )(/i c ?2 + h dl) + ( 71 ^/ 8 ) (h + h)d\ d 2 

+ (tt/WM + d 2 ). (32) 

tl jt?ox details of the integration, we again refer to the Appendix (A 14). 
?oi particles of equal diameters di = d 2 = d, equation 32 simplifies 

-Mi , h) = 2^ = $ Td{hh + i(x + 3)(h + h) d+ hr <P} (33) 

= 1.5708 d(hh + 1.5354(/i +h)d+ 0.7854 d?), 

and, when the lengths as well as the diameters are equal, it simplifies still a 
little further 

- h - %Td(P + \{t + 3)1 d + It J 2 ). (34) 

It is interesting to examine the ratio of covolume to volume as a function 
of the ratio (l/d) according to equation 34. The ratio 

-jSi/2(x/4) m = 1/{t/A) m - b/v P 

becomes in various limiting cases 

b/v P ~l/d;(l» d) 

b/v p = minimum = t 1/2 + %(r + 3) = 4.843; (l = (tt/4) 1/2 d) 

b/vp ~ (tt/4) d/l; (l « d). 

When the dimensions are about equal the ratio is not much more than 4, 
but for highly anisometric particles, whether needles or pancakes, (b/v P ) is 
•about equal to the ratio of the long to the short dimension. 

While the evaluation of the first cluster integral j3i defined by equation 20 
proved perfectly feasible, the integral £2 depends on three directions, and to 
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compute it exactly would be an extremely tedious task at best. For that 
reason we shall be content to estimate the order of magnitude of 02. 

The value for spheres of equal diameters was computed by Boltzmann; 
in that case, one finds 

-ft - (15/64)0*. 

This result gives us the right order of magnitude of the ratio (fa/Pi) for 
isometric particles in general. Where anisometric particles are concerned, 
we must distinguish between slender rods and thin plates. For the latter 
case, a little experimentation with various orientations will show that in most 
cases where two plates intersect each other, the volume within which ' 
third plate of comparable diameter will intersect the other two simul ’ 
neously will be a sizable fraction of the volume within which it will inte^ 
a given one of the others. Accordingly, barring special orientation, 
have the result 

0 2 /0i = 0(—01); (spheres, cubes, plates). 

For the slender rods, we obtain the same result only if the three ro 
nearly coplanar, whereby the admissible deviation in angle is of theaters 
( 1 d/l ). Otherwise, it is easily seen that if we look at a pair of interesting) 
along the direction of a third, the projection of their intersection upon n 
plane normal to the axis of the third rod will be (at most): 

didi/sin fa , 

where fa is the angle between the projections of two rods, alias the angle 
between the planes containing the pairs of directions (ai, a?) and (a2, a*), 
respectively. Or, considering the spherical triangle whose corners have the 
directions ai, a 2 , a* , fa is the angle at the third corner. If we denote the 
three sides of this triangle (angles between the directions pairwise) by 
712,721 and 7 ji , we arrive at the following estimate for the second cluster 
integral: 

— 0 a — (Ax + ^ 2 X ^2 + ds)(dz + di) { Oipd) + falili($in 712 /sin $ 3 )}; 

(*i > d/l). (36) 

By the theorem of sine proportions, valid for spherical triangles, the quo¬ 
tient of the two sines is a symmetrical function of the three directions. 
The angle fa vanishes (or equals ir) whenever the three directions (ai, a2, a*) 
are coplanar, whereby ai and a2 are normally not parallel. For such direc¬ 
tions, the estimate (36) becomes infinite; as we have mentioned above, the 
estimate (35) is then valid instead. 

In computing the average of 0 2 over all combinations of directions 
(ax, a 2 , as) we find that the combinations of directions which are coplanar 
within an angle ztfai do form a fraction of the order fat of the total. Thus, 
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when we integrate equation 36 over all other orientations the average of 
the sine ratio will be of the order 

log <l> m + const. 

When we put <p m = d/l and substitute the estimate (35) for coplanar orienta¬ 
tion, the added term does not change the order of magnitude, and we still 
obtain 

—j$2 = 0(dV(log (l/d) + const)). (37) 

No concerted effort has been made to render this estimate more d efini te. 
As it is, the result 

- 0((d/t) log (l/d)) (38) 

will offer some justification for the procedure which we shall, perforce, adopt 
in the following, where order corrections which depend on j 8 2 and higher 
duster integrals will be neglected altogether. If we talk about “concen¬ 
trated” solutions whenever piN/V is of the order unity or greater, then we 
may hope that our results will describe fairly concentrated isotropic solutions 
of rod-shaped particles reasonably well. The results for anisotropic solu¬ 
tions will be somewhat doubtful in all cases, and more so the more concen¬ 
trated the solutions. Where plate-like particles are concerned, our approxi¬ 
mations will introduce more serious errors, and we can hardly hope for more 
than that our result will describe concentrated solutions of such partides 
qualitatively rather than quantitatively. 

We shall inquire, next, about the effects due to the finite range of the elec¬ 
trostatic repulsion between the particles. 

We have mentioned before that the force (per unit area) between two paral¬ 
lel plates varies exponentially with the distance, and that the law of force 
for a different geometry is only modified by the effects due to divergence 
of the electric force-lines. The data needed for an exact prediction of the 
forces arc not available, and even if we had them it would be a difficult and 
laborious task to compute the forces. But fortunately the resulting uncer¬ 
tainty will not, as a rule, count for much in the computation of the cluster 
integrals. Only the cases where very few cations or very few anions are 
present (or very few of cither sign) might well require careful separate 
analysis. The most important modification of our previous results (equa¬ 
tions 30 and 31 a-h) will occur for long rods (equation 31 h), in which case 
the effect of the electrostatic repulsion will be equivalent to an increase of 
the effective diameter . A similar increase of the effective length will cause a 
relatively insignificant increase of the covolume, unless the concentration 
of electrolyte is so low that d is of the order unity, in which case, the problem 
of the repulsive forces must be reconsidered as a whole. 

For the law of force between two cylindrical particles of the same diameter 
d x ks d% « d, whose mantles are separated by a distance x, we now assume 
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w/kT = A(y)e KX (39) 

(of equation 14 and pertinent discussion). More precisely, we assume that 
w has the value given by equation 39 whenever the two cylinders cross, in 
the sense that the projections of their axes upon the plane parallel to both 
intersect. Such configurations yield the leading term 

(di + d 2 )hh sin 7 = 2dhh sin 7 

of the excluded volume for long cylinders (the central parallelopiped of the 
solid figure illustrated in figure 7, and compare equation 30). The first 
cluster integral is defined by equations 18 and 20. Assuming w — w{x) 
as given by equation 39 for all “crossed” configurations, the part of £1 due 
to such configurations is simply 

j8i (crossing) = 2 hhi^-d + J (< e ~ w( ‘ l),IT _ 1 ) s i n y m ( 40 ) 

The consequent correction to the effective diameter, assuming equation 39, 
is accordingly 

(1 - e~ Ao ~ kX ) dx = 

Jo 


Here C denotes Euler’s constant 

f (1 - o - - [ e~ u — = c= -r'(l) = 0.5772 • • •. (41a) 

Jo U J 1 u 

For reasonably large values of A the exponential integral in equation 41 
may be neglected, and we get simply 

—jSi(crossing) = 2hh d&{y) sin 7 

(42) 

-2 hh{d + tKC + log ^L(7))} sin 7 . 

Thus, the effective diameter equals the actual diameter increased by the 
distance d at which the condition 

w(8) = kTe~ c = 0.S61 kT (43) 

is satisfied. 

In deriving this important rule, we have made certain physical assump¬ 
tions and mathematical approximations; but, as long as Kd is reasonably 
small (less than unity), the errors thus incurred ought to be very modest 
and equation 42 should describe a good estimate. Moreover, the result is 
rather insensitive to modifications of the geometry, so that the required 
modifications of the first four terms of equation 30 may be estimated in a 


f (1 — e M ) du/icu 
Jo 

k ' 1 (log A + C + £ e~“ du/u'j . 


(41) 
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similar manner. We shall be content to observe that the increments of the 
effective lengths and diameters are of the same order of magnitude for all 
terms. This observation together with equations A 14 and A 15 should 
be helpful in case an estimate of the end-corrections for long rods (which we 
shall neglect in the following) should be desired. 

In equation 42 we have indicated that the force constant A is expected 
to vary with the angle of intersection 7. A precise specification of that 
variation is contained in our equation 13, and, in spite of the several ap¬ 
proximations involved in the derivation, the relation 

A (7) — A(7r/2)/sin 7 (44) 

ought to be very nearly true, with the one exception that, for small angles 
7 < d/ln the factor 1/sin 7 must be replaced by a smaller number of the 
order lu/d , where In denotes the length of the overlap between the two 
cylinders. 

If we disregard the exception just mentioned and neglect terms which 
represent end-wise approach of the particles, (corresponding to the first 
four terms in equation 30), wc may write equation 42 in the form 

—Pi(y) = 2hh{ [d + tc'C + k~ 1 log A(t/ 2)] sin 7 

— K~ x (sin 7) log (sin 7)}. 

The average of the excluded volume over all orientations equals 

—ft = 2bn = — J 181(7) dQ/A t — jf 181(7) smy dy 
- (r/2)hh(d + 5), 

with 

a * K -i[C + log A (t/2) + log 2 - 5] = if 1 [0.7704 + log^(T/2)]. 

The integral 

[ log (sin y) sin 2 7 iy, 

Jo 

which enters into the computation, might seem difficult, but it is easily com¬ 
puted from the Fourier series 

—log | 2 sin y | = cos 2y + § cos 4y + J cos 6 y + ■ •; . 

Concerning the absolute value of the force-constant A, we refer back to 
equation 14 with attendant discussion and references. 

Our results (33) and (46) for straight rods should apply without change 
to bent rods and flexible chains as long as they are not so tightly coiled that 
multiple contacts between pairs of different chains will be common. The 
statistics of such multiple contacts has not been investigated. In addition, 


(45) 

(46) 

(47) 
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it stands to reason that, when the particles are so slender as to be very 
flexible, the effective range of the electrostatic repulsion will constitute the 
main part of their effective diameters. 

We shall deal summarily with the case of thin, plate-shaped particles. 
According to equation 30, the mutual excluded volume for a pair of such 
particles is practically independent of their thickness, barring only nearly 
parallel orientations of the particles. Then, if only 

«*» 1, (48) 

which condition excludes very low concentrations of electrolyte at the most, 
an increase of the effective diameter by a distance 8, determined according to 
equation 43, will make very little difference. For the case of very low 
electrolyte concentration, the question of the forces would seem to require 
a more careful analysis than we have available at present. 

Thermodynamic Properties of Isotropic Solutions . We shall be generally 
content with the first order corrections to the laws of ideal solutions. Ac¬ 
cordingly, we abbreviate the expansion (21) as follows 

log B p = N p { 1 + log (V/N p ) + J M 

(48) 

- NJIX + log (V/N p ) - b{N P /\ 0), 

whereby, for a monodisperse solution of rod-shaped particles of length l 
and diameter d according to equation 46 

6= (ir/4 )P(i+J), (49) 

including a correction 8 for the “padding” due to an ionic double layer. For 

a solution of plate-shaped particles equation 48 is also valid over a more 
limited range of concentrations with the different value 

b = (tt/ 4) 2 <P (SO) 

for the covolume, as given by equation 34 when specialized to the case 
l - 0 . 

The variation of the free energy with the particle concentration can be 
obtained by substituting the result (48) in equation S. We are particularly 
interested in the derived quantities. We obtain from equations 6 and 7, 
respectively, 

P - kT{(N f /V) + wm (51) 

for the osmotic pressure and 

- A + ^{log (N p /V) + 2b(Np/V) } (52) 

for the chemical potential. These correspond to well-known formulas in 
the theory of gases; the salient point of the present theory is that the co¬ 
volumes may be much greater than the actual volumes of the particles. We 
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also get reasonably simple results for a polydisperse solution which contains 
rod-shaped particles of various lengths h , but of identical 

diameters di = • • • = d t = • • ■ = d, and otherwise sufficiently similar, 
so that the effective diameter for any pair of particles is always d + §. 
For this purpose, we substitute the covolumes given by equation 46 in 
the more general formula (22), which yields 

log B p = E N.( 1 + log (V/N,)) - (x (d + S)/47) E MW./.' 

9 9 . 9 ' 

_ (S3) 

= E + log (W,)) - (x/4)(i + 5)(L a /F), 

for the configuration integral, with the abbreviation 

L = E M (54) 

0 

for the 0/ /Ae lengths of all particles present . The osmotic pressure is 
accordingly 

P = kT {E (IV,/F) + d/4)(</ + 8)(L/Vf }, (55) 

9 

and we get 

it. = Mi + kT log (NJV) + 2kT(w/4)(d + 8)(L/V)l. (56) 

for the chemical potential of the particles of length l 8 . 

The corresponding formulas for a polydisperse solution of circular plate¬ 
shaped particles are almost equally simple. We specialize equation 32 
to the case h = / 2 = 0: 

-WO, ii\ 0, d 2 ) = 26 - (»/4)*dA(* + d 2 ); 

then, with the abbreviations 

2? = ElV.i, 

A - d/4)E^£ (57) 

for the sums of all the diameters viz. areas of all particles present, we obtain 

log Bp - E 1 V.(1 + log ( V/N .)) - d/4)(Zh4/F) (58) 

0 

P - {E (7V./F) + d/4) OM/F 2 )} (59) 

0 

M, = m« + kT log (2V./F) + ftPUi, + B(tt/ 4) d a .]d/4F). (60) 

These results for plates might well have qualitative rather than quantitative 
significance. While certain colloids (bentonite) are known to consist of 
sheet-like particles, it is not known whether the outlines of the sheets are 
regular curves or polygons that might be reasonably approximated by circu¬ 
lar disks. Nevertheless, it seems worth pointing out, that for a given total 
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area of the particles, both terms in the formula (59) for the osmotic pressure 
do increase as the degree of dispersion increases. (When all particles are 
cut into quarters the sum of the diameters is doubled and the total number 
of particles is increased by a factor of four.) 

Returning to our result (55) for the osmotic pressure of rod-shaped par¬ 
ticles, we note that the absolute value of the second term, which represents 
the deviation from the value appropriate to ideal solutions, is quite inde¬ 
pendent of the subdivision into hidividual lengths . (On the other hand, a 
lengthwise splitting of the particles, if possible, will increase both terms in 
equation 55.) On this basis, we should be prepared to find that the 
osmotic pressures of flexible chain-like particles in concentrated solutions 
may be practically independent of the subdivision of the chains. For rigid 
rod-shaped particles, we do not anticipate this phenomenon (in the iso¬ 
tropic phase, anyway), because, as we shall show next, such solutions will 
form an anisotropic phase as soon as the ratio (total covolume/volume) 
exceeds a certain critical value. 

Anisotropic Solutions . We shall investigate the possibility that a solution 
of rod-shaped particles may form a nematic liquid crystal in which the dis¬ 
tribution of orientations of the particles is anisotropic, while the distribution 
of the particles in space is homogeneous, and does not exhibit the periodic 
variation of density which characterizes solid crystals (periodicity in three 
dimensions) and smectic liquid crystals (periodicity in one dimension). We 
shall show that the concentration of particles need not be so very large (in 
terms of actual volume occupied) before the isotropic solution becomes un¬ 
stable, relative to an anisotropic phase of the nematic type. Whether the 
latter will be stable, relative to other types of anisotropic phases, is a question 
which involves much more difficult computations, and we shall not try to 
settle it. 

We introduce a distribution-function /(a) for the directions a of the axes 
of the cylindrical particles, normalized according to equation 26. When wc 
neglect the terms which depend on & and higher cluster integrals in the 
expansion given by equation 27, we arrive at the following formula for the 
configuration-integral 

log B p - N P {1 + bg (V/NJ) - f /(a) log4rr/(a) dt 2(a) 

(61) 

+ OV27) J ft (cos -1 (a-a'))/(a)/(a') dti dV. 

The function/(a) is implicitly determined by the condition 

B p = maximum, (62) 

(subject to the restriction (26)). 

We shall introduce convenient abbreviations for the two functionals 
which enter into equation 61: 
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<r(f) = J f (a) log 4^/(a) dSl(a), (63) 

— 2 bp(f) = j8i p(f) — J (cos -1 (a-a'))/(a)/(aO dQdQ'; ( 64 ) 

where, in conformity with equation 46, we understand: 

/.W2 

—2b = $1=1 f3i(y) sin y dy. (64a) 

Jo 

In addition, we shall denote the concentration of particles by 

c = (N p /V). (65) 

* 

In this shorthand, the condition (62) becomes 

<r(f) + bcp(f) = minimum, (66) 

wherein / is subject to the restriction 

J/dQ = 1 . ( 26 ) 

The value of the minimum required by the condition (66) determines the 
free energy of the system according to equations 5 and 61: 

F(solution) — F (solvent) = N p \x v — kT log B p 

= N P n\ + N P kT{l og c-\ + <r(f) + bcp(f)}. 

We may apply Lagrange's method to the problem (66), thus 


5 <r(J) + bcSp(f) -\sj JdQ = 0. 


The usual manipulations lead to the non-linear integral equation 

log (4ir/(a)) = X - 1 + C j /3i(a, aO/(a') atQ'. (69) 

Equation 69 is satisfied by every function which renders the functional of 
the problem (66) stationary; the true solution of (66) is induded among 
these. The constant function 

/ = /o = l/4w, (70a) 

which describes the isotropic distribution, is always a solution of equation 
69, with 

<r(fo) - 0; P (/o) = 1; X = 1 + 2 be (70b) 

On the other hand, in order to show that for sufficiently large values of c 
the solution (70) will not be the true solution of the problem (66), we only 
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have to find some function f\ such that cr(Ji) is finite and p(f 1 ) < 1 ; then, 
when we take c large enough, the inequality 

o'C/i) + bcp(fi) < <r(fo) + bcp(fo) — be 
can certainly be satisfied. 

According to our previous considerations, the function —pi(y) is an in¬ 
creasing function of (sin 7 ), so that a trial function /1 with the required 
properties can be constructed very simply as follows: We choose an angle 
71 such that 

—£1(7) < —?x; 7 < 271, 


a preferred direction ao and the following trial function 

/i(a) = 0; | (ao-a) | < cos 71 

fi ( a ) = l/47r(l — cos 71 ); cos 71 < I (a 0 -a) | < 1. 

Some of the unwanted solutions of equation 69—possibly all of them— 
may by interpreted as solutions of a modified variation problem: 

dQ = 1 

prescribed 

<r(J) = <ri S 0j 

p(J) = minimum = p m (a 1 ). (71) 



This leads again to equation 68 with the difference that c is interpreted 
as a Lagrange multiplier on par with X. 

The second restriction in the problem (71) is in effect no different than 
the inequality 

<r(f) ? <n, (71a) 

because the function 0 ( y ) in equation 64 is continuous (less would suffice). 
In consequence, if we know one function/(a), which realizes a certain value 
of p, we can always find another which realizes very nearly the same value 
of p, but gives us a greater value of <r. All we have to do is introduce a 
very rapid local fluctuation of /(a). This reasoning leads to the inequality 

0>mOr 2 ) ~ Pm (< ri ))/(< r 2 — <rx) ^ 0; (7lb) 

in words: the minimum of p is a never-increasing function of < r . 

One way to solve the problem (66), at least in principle, is to solve the 
more general problem (71) first for all values of 0 *. For greater flexibility, 
we may describe the resulting relation between p« and <r in parameter form 

<r = <r(a); p m = p(a); (72a) 

then the solution of equation 66 must satisfy the condition 

<x f (a) + bcp f {a) = 0 , 


(72b) 
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and, in order that the state thus described be stable 

*"(«) + bcp"(a) > 0. (72c) 

According to these results, if the function 

(—dp m /do) = -/>!(*) (73) 

is a steadily decreasing function of < 7 , then the transition from the isotropic 
to the anisotropic phase will be continuous and take place at the concentra¬ 
tion given by the condition 

1 + bc(dp m /da) amm o - 0. (74) 

On the other hand, if the function (73) increases for small values of <7, reaches 
a maximum (as it must because p > 0), and decreases thereafter, then the 
isotropic solution will become unstable towards finite disturbances at some 
concentration lower than that required by equation 74. In this case, the 
anisotropic phase will always possess a finite degree of anisotropy. More¬ 
over, there will be a pair of concentrations for which the two phases can 
coexist; a solution of concentration intermediate between these will sepa¬ 
rate into two phases. 

It is possible to show by rather general qualitative reasoning that the 
second alternative—a discontinuous transition—must be realized when an 
anisotropic solution is formed. We may as well assume that the anisotropic 
phase has cylindrical symmetry around some preferred direction ao; this 
restriction is unimportant, because it allows the distribution-function to 
contain spherical harmonics of all (even) orders. The odd orders are ex¬ 
cluded if we assume that the solution is not polar in the crystallographic 
sense (seignette-electric): 

/(a)-/(-a). 

Under these assumptions,/(a) may be developed in a series of even Legendre 
polynomials 

47r/(a) = 1 + 5yi 2 /Ma-a 0 ) + 9A a P ^a-ao) + ••• (75) 

Moreover, since the homogeneous quadratic functional defined by equa¬ 
tion 64 is invariant against all rotations of the frame of reference, the 
Legendre polynomials are its eigenfunctions and an expansion of the type 

p(/) - 1 — Jfeit - BtAl - (76) 

is valid. Only even powers of 4 2 , 4 *, • • •, (in fact, only the second powers), 
occur in equation 76. However, when we substitute the expansion (75) 
in equation 73, we get 

c(f) = (5/2)Al+ (9/2) A\ + ■■■ 

— (25/21 )A\ - (45/7)414*- 

+ (125/28)4 s H- 


(77) 
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Linear terms do not occur in this expansion either, but every cubic term is 
present . The critical condition defined by equation 74 is fulfilled by the 
smallest value (co) of c, which causes any one of the coefficients in the ex¬ 
pansion 

((5/2) - B 2 bc)A\ + ((9/2) - BJbc)A\ + • • • 

to vanish. It does not matter which one vanishes first; for the sake of argu¬ 
ment let us assume that it is the coefficient of A\. Then, if we take 

/(a) = 1 + AtPtfa* a 0 ) 

we have the expansion (convergent for | A 2 1 < 1): 

<r(f) + bcop(f) = bc 0 - (25/21)4® + (125/28)42 + - • • 

For finite, not too large, positive values of A 2 , the sum of this expansion 
certainly takes values smaller than bco . This means that the isotropic 
solution becomes unstable towards finite disturbances at some concentration 
lower than that required by equation 74 for a continuous transition, so that 
a discontinuous transition must take place at some lower concentration. 

We shall try next, to get some idea about the distribution of orientations 
of the particles in the anisotropic solutions, and to estimate the thermo¬ 
dynamic functions for these solutions. The variation problem (66) is best 
attacked directly: the technique is to construct plausible trial functions 
with as many variable parameters as one can handle conveniently; the 
parameters are then adjusted so as to approach the required minimum as 
closely as possible. 

As regards the general nature of the distribution, we note that — 0i(a, a') 
has a minimum when the directions (a, a') are parallel and a maximum 
when they are perpendicular. The smallest possible value of p(f ) is, there¬ 
fore, attained when all particles have exactly the same orientation; according 
to our somewhat approximate formula (45), the function p(/) then vanishes. 
For this singular distribution, however, <r(f) becomes infinite. As a com¬ 
promise, we have to expect a distribution which is more or less concentrated 
around a preferred direction ao, with this direction as an axis of symmetry. 
Equation 69 indicates, in a general way, how the density will decrease 
with the angle 

B - cos-^a^ao) ; (78) 

for large angles an exponential function of (sin 0) is thus indicated. A 
trial function of the type 

constant X (cosh (a sin 0))~ n (79) 

would therefore seem promising, and tentative computations for n *» 3 
gave encouraging results, but this lead was abandoned on account of the 
effort involved. The simpler function 
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/(a) = (a/4$r sinh a) cosh (a(a-ao)) = (a/Air sinh a) cosh (a cos0) (80) 

decreases rather too rapidly for large angles, and it contains but one param¬ 
eter. It was, nevertheless, adopted as the best tractable function. Even 
so, according to equation 67, the function to be minimized for the problem 
(66) is the free energy itself, so that our results for this important thermo¬ 
dynamic function ought not to be very much in error. 

Further, to simplify the computations, we shall allow the approximate 
description 

—j8i(y) ^ 2lih(d + 5) sin y = (S/r)b sin y (81) 

of the more complicated function given by equation 45. When equations 
80 and 81 are substituted in equation 64, the resulting integral can be 
evaluated in terms of elementary functions, together with a Bessel function 
of order 2, and imaginary argument. For the definition (B 18) and proper¬ 
ties of this function, and for the details of the integration, we refer to the 
Appendix, Section 2. We quote here the result for a monodisperse solution 

p(a) = 2 (sinh a)~~ 2 Iz(2a) (82) 

(cf. equation B 17). The evaluation of the integral in equation 63 for 
the function (80) is elementary and yields 

<r(a) — log(a coth a) — 1 + (sinh a)- 1 tan““ l (sinh a). (83) 

The power series 

4 p(a) - 4 - (fit/9 0) + (2a 6 /945) - (71a*/226800) + • • • ; 

(I a I < *•) (84) 

<r(a) = (a*/90) - (2a«/810) + (108« s /226800)-; (| a | < x/2), 

illustrate our consideration of continuous vs, discontinuous transition (when 
an expansion of the type (75) is constructed for the function (80), the coef¬ 
ficient of Pi is of the order (a 2 )). However, the values of a which correspond 
to stable anisotropic solutions are far outside the limits of convergence of 
the series (84). Fortunately, the required values of a are so large that 
the asymptotic representations 

<r(a) log a — 1, (85) 

p(a) ~ 4(xa) -1/2 { 1 - 30(32a) -1 + 210(32a)~ ! + 1260(32a)-* +•••}, 

( 86 ) 

(cf. B 20), are eminently suitable for computation. The condition (72b) 
for internal equilibrium becomes, after rearrangement, 

M l « - 2bc{ 1 - 90(32«)- 1 + 1050(32a)- ! + 8820(32a)-* +•••}. 

(87) 
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The asymptotic behavior of a for high concentrations is evident from the 
inverted series 

a — (4 /tt) (be) 2 - (45/8) + 0((bc)~ 2 ). (88) 

As a measure of the spread in angle, we may compute the mean square of 
sin(0/2), if we understand by 0, (this time), the angle between the direction 
a of a particle and the nearer of the two directions (+ao, — ao). With this 
convention, we have 

(2 sin (0/2)) 2 = (2/a) cotha ~ 1/a. (89) 

The standard deviation of the angle 0 is, therefore, about proportional to 
a" 112 or, if we disregard the higher terms in equation 87, inversely propor¬ 
tional to the concentration: 

(2 sin (0/2)) 2 - (t/4) (bc)~ 2 (89a) 

Combination of equations 85, 86, and 87 yields for high concentrations 

bep ~ 2 + 75*r(8fc)- 2 + • • - (90) 

a — log(4/x) -1 + 2 log (be) - 90rr (8bc)~* + • • • . (91) 

The free energy is given by equation 67; in view of equation 72b we 
derive therefrom the following simple general formula for the osmotic pressure 

P - -(aF/8I % 9 = kTc( 1 + hep). (92) 

In particular, if we take equation 90 seriously 

P - kT c(3 + 75tt(8Jc)“ 2 + • • • ). (93) 

On this basis, the osmotic pressure should be just a little greater than three 
times the ideal pressure. 

The simple results (89a) and (93), however, depend on a rather severe 
over-simplification of the physical picture. The approximation (81) for 
equation 45 tends to overestimate the deviation of the angles for high 
concentrations. The several approximations and simplifications which 
enter into equation 93 would tend to make this an underestimate, possibly 
a very bad one; it is barely conceivable that our neglect of the attractive 
van der Waal’s (dispersion) forces might in some cases bring about a measure 
of compensation. 

For the lowest concentrations at which the anisotropic solutions can exist, 
the approximations which lead to equations 85 and 86 may still be quite 
tolerable. In those cases it is best to solve equation 87 numerically, be¬ 
cause the expansion is only semi-convergent and the inversion (88) aggra¬ 
vates its tendency to diverge. In constructing tables or graphs there is, of 
course, no need for the inversion; it is just as well to compute <r, p and c 
all as functions of the parameter a. 
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We still have to compute the conditions for equilibrium of the two liquid 
phases. The osmotic pressure of the anisotropic solution is given by equa¬ 
tion 92. The chemical potential is computed according to the definition 
(7) by differentiation of equation 67, whence in view of equations 65 and 
72b: 

Mp = (bF/bN p )v = p% + kT{log c + a + 2 bcp}. (94) 

The equilibrium conditions (8) require that the functions given by (92) and 
(94) be equated with the corresponding functions (51) and (52) for the iso¬ 
tropic phase. The two concentrations c a and d are thus dete rmin ed by 
the two equations 

c a + help « a + bc\ 
log c a + cr + 2 heap sa log a + 2 bd, 
which we may write in terms of the total covolumes as follows: 

bc a ( 1 + heap) = bc x { 1 + bc y ) 

log(fc«) + a + 2bcap = lo g(bct) + 2 bc % . (95) 

Here, <r and p are functions of (bc a ) described implicitly by equations 85, 
86, and 87. The following results were obtained by numerical solution of 
the system of equations: 

a - 18.584 bc % = 3.3399 
p = 0.49740 bc a => 4,4858 

<r = 1.9223 pbca - 2.2313 (96) 

Ca/Ci = 1.343. 

The standard deviation of sin (0/2) given by equation 89 corresponds to 
an angle 0 « 13.3°. 

It is a matter of interest to see how the expansions (88), (90), and (91) 
work out in the worst possible case. The values obtained from these 
formulae, as abbreviated, for the case bc a — 4,486, 

a = 19.9; pbc a — 2.184; <r = 2.021, 

may be compared with the accurately computed values (96). 

It would take us too far to develop a theory for the anisotropic phase of 
a polydisperse solution. The difficulty is that long rods will be more per¬ 
fectly oriented than short rods, so that one has to compute a whole set of 
mutually dependent distribution-functions, one for each size of particles. 
Moreover, each composition of the anisotropic phase presents a separate 
problem of ^ this type. Nevertheless, the mathematical analysis in the 
Appendix has been kept as general as was feasible, in order to facilitate 
computations for polydisperse systems. 
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It is possible to foresee that when two phases are formed, the longest 
particles will collect preferentially in the anisotropic phase, and that the 
total concentrations in each phase will vary with the ratio of the volumes. 

Possibly, the best experimental tests of the present theory will consist in 
measurements of light scattering. As is well known, the light scattering per 
particle is inversely proportional to ( dP/dc ). However, when the longest 
dimensions of the particles are comparable to that of the measuring light, 
this simple relation applies only to scattering at small angles . We have, in 
effect, shown that the presence of one particle reduces the density of scat¬ 
tering matter up to a distance which equals the length of a presumptive neigh¬ 
bor, so that the phase relations of the light waves scattered from different 
particles must be considered in the interpretation of the large angle scattering. 

On the basis of our results (92) and (51), the anisotropic solution ought to 
scatter more light at small angles than the isotropic phase in equilibrium 
with it. Predictions for large angles must await a mathematical analysis 
of the optical problems; the distribution of scattering matter around any 
one particle obviously depends on the degree of orientation of the particles. 

Appendix 

The Mutual Excluded Volume of Two Cylinders 

We first compute the excluded volume — 0 i(O, di; 0 , dz) for two circular plates of vanish¬ 
ing thickness and diameters di « 2r i; dz = 2 r s . Besides, this is one of the interesting limiting 
cases. 

Let the first plate be fixed with its center at the origin and let its normal form an angle 
7 with the y axis, in the (y, z) plane. We allow the second plate to move, but we keep 
its orientation constant, so that its normal is always parallel to the y axis. When we re¬ 
quire that the two plates must not intersect, what is the volume inaccessible to the center 
of the second plater 



Some of the anal; 
pair (P, Z) referred 


rais becomes a little simpler if we replace the coordinates (y, z) bv the 
to skew axes parallel to the plates 2,1 respectively: 


y «* Y -h Z cos 7 
% « Z sin 7 

Then the intersection of the excluded region with the plane 
% ■■ Z sin 7 ■■ const. 


(Al) 
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is bounded by the curve formed by the center of circle 2 as this circle rolls on a chord A B 
of the circle 1 (see figure 2). 



The length of the chord equals 

2(rJ - Z 2 ) 1 ' 2 . 

The area of the intersection is, evidently, 

A(Z) « 4(r? - Z 2 ) 1 ' 2 n -f 

(rectangle -h two half circles), and the excluded volume is, accordingly, 

- 01 ( 0 , dr, 0, (U) - JA(Z)dz-f A ['/A dZ sin y 

= 2fffir s (n + fi) sin y (A 2) 

«■ (tt/4) A A(A 4- A) sin 7 . 

The excluded region, illustrated in rrouRE 3, is bounded by four planes and by the fourth 
degree surface described by the equations 

(r\ - Z *)*' 2 + (ri - Y*p* - sb *. (A3) 

(Here and in the following wc always take positive roots). This surface joins the planes 

Z - =fcn 

(A 4) 
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along the circles 

** + F 2 * r ! 

** + Z* - r\, 

respectively, in such a manner that the normal directions are continuous except at the 
points 

* * 0, Y *= ;i, Z - r 2 
where two such circles touch one another. 

A curve bounding the intersection of the excluded region with a plane x — const, is de¬ 
scribed by equation A 3 for x = const, or it consists of segments of curves described thus 
alternating with segments of the straight lines described by equation A 4, according to the 
value of x. 'Die cross-section for x ® 0 is simply the parallelogram given by equation 4. 
The four possible cases are illustrated in figure 3 . 



On each curve of this type there is a pair of points for which 
y = Y + Z cos 7 =b extremum (Si) 
and another pair for which 

z ' — Y cos 7 4- Z « extremum (Si), 

The loci of such points are space-curves 5!, Si on the surface of the excluded v olume * 
then: projections on the (y, z) plane are described by the equations ’ 

fcosy; ( 5 s) 


(VDM - 2 a )- 1 , 2 (r! - , 


■{; 


(AS) 


U/cosy; (50 

The significance of 5» will be clear from the observation that when the center of plate 2 is 
on .Si, not only does this plate make rim-to-rim contact with plate 1, but (in addition! a 
wlrnder raised perpendicularly on the rim of plate 2 also just touches the rim of pJatel 
Similarly, when the center of plate 2 is on 5i, then the rim of plate 2 just touches a cyl¬ 
inder raised perpendicularly on the rim of plate 1 . J y 






ONSAGER: COLLOIDAL PARTICLES 


653 


The curve Sz separates the two parts of the surface of the excluded volume which are 
seen from opposite directions along the normal of plate (2). Its projection Pj on the 
(#, y) plane (parallel to plate 2), which delimits the projection of the excluded volume, 
may be described as the locus of points whose distance from the nearest point of the 
projection of plate (1) is precisely r 2 . The projection of plate (1) on the plane of plate (2) 
is an ellipse 22i of semi-axes n , n cost; if a circle of radius r 2 rolls on this ellipse its center 
traces P 2 . 

The area A(Pj) can be evaluated by a general method applicable to rolling-figures of 
continuous tangent. We let R denote the curve described by the center of a circle of 
radius r as the circle rolls on closed curve C. The algebraic sum of the curvatures of the 
circle and the curve C must be positive (convex) everywhere on C. The area between C 
and R is easily found as follows (figure 4): 


c 


Figure 4. 


Consider the area contained between two normals of directions <p, <p + d<p, the segments 
dp(C) of the perimeter of C, and the segment 

dp f (R) - dp(Q 4 - rdtp 

of the perimeter of R The area of the trapezium thus formed equals 

hr {dp + dp') =* rdp 4- hr*d<p . 

Integrating around C we find simply 

r dp{C) 4-4 1* jdtp** rp(C) 4- xf» (A 6)' 

where p{C) denotes the circumference of C, and A(C) its area. For the ellipse E% de¬ 
scribed above wc have 
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A (Ei) = rrj Icos?! 


p(Ei) = 4ri £ (sin 7) 


|»t/2 

4ri / (1 — sin 2 y sin 2 <p) m d<p 

Jo 


(A 7) 


where the customary notation jE(sin y) is used for a complete elliptic integral of the second 
kind. We substitute these results in (A 6) along with r = n and obtain for the projection 
Pi * 

A(Ps) « Ttr[ | cos y | + 4ri r^E(sin y) + (A 8) 

Similarly, of course, 

A (Pi) » vr\ + 4rir^(sin y) 4- irrll cos 7 |. (A 9) 

Actually, the profile areas (A 8) and (A 9) are the only properties of Si and S% which 
will enter into our final result for the excluded volume of two cylinders, but some additional 
analysis has been included as an aid to visualization. 

So far, we have considered the thin plates of diameters d \, d%. Now, let us replace the 
second by a cylinder of length h , diameter <k. Our solution for the case h - 0 has an 



important connection with the more general problem: As we consider the two halves of the 
surface illustrated in figure 3 separated by the curve Si , the front half is the locus for the 
center of the rear end of cylinder (2) at closest approach to plate 1, and the rear half of 
the surface is the locus for the front end-center of the cylinder for the opposite type of 
end-wise contact. The corresponding loci for the center of cylinder (2) are displaced by 
distances =b ik in the direction of the cylinder axis. If the two end surfaces formed by 
these loci are joined rim to rim by a cylindrical mantle parallel to the axis of cylinder (2), 
then that mantle is the locus for the center of (2) when this cylinder makes lateral contact 
with the rim of plate (1). 

The excluded volume for this case is the same as for k » k ■* 0, plus that of a cylinder 
of length k and orthogonal section P%: 

—A(0, di , h , d*) - -A(0, di , 0, d*) + k A (Pa). (A 10) 

The end-faces of the inserted cylindrical piece are parallel, so that the computation of the 
volume is not affected by their complicated shape. 

The final generalization to the case k > 0 proceeds in a similar manner: The body 
illustrated by figure 5 is cut as indicated by the dotted line. The cut, most simply taken 
perpendicularly to the plane of the projection, follows the separated halves of the curve 
Si and the median plane of the cylinder inserted in the previous step. A second cylindrical 
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and the volume of the resulting domain, illustrated in figure 7, equals 
—PiQi t di) h , da; 7 ) *= (x/4)di da(di 4 da) sin 7 
+k 10r/4)d? 4 di dtE( sin 7 ) 4 (*/4 )d\ | cos 7 1 } (All) 

+ /i!0r/4)d} 4 didaE(sin 7 ) + (x/4)d§ | cos 7 1 } 4 hk(di 4 di)sin 7 . 

The integrations involved in the computation of the average 


/ 


f> 

Jo 


PiM di 2 / 4 r « J / $1(7) sin 7 dy 


should be obvious for all terms exempt those which involve the elliptic integral JS(sin 7 ). 
These too, reduce to a very simple form by a suitable substitution. By the definition of 
the complete elliptic integral we have 


4 JE(sin 7) - 4 


r<- 


sin* 7 an* dp • 


t J (1 — sin* 7 si 


sin* p) Ut dp 


Hence 


r i*x *2r 

jE(sin 7) sin 7 d7 = / sin 7 d7 / d^(l — sin* 7 sin* ^) 1/2 (A 12 ) 

Jo Jo 

By the substitution 

sin 7 sin 9 = cos 
cos 7 «■ sin sin 

(which may be interpreted as a change of polar coordinates in space), the integral (A 12 ) 
becomes 


i f U(sin 7) sin 7 d7 = f sin & d& [ dtp sin => x 4 (A 13 ) 

Jo Jo Jo 


With the aid of this result and obvious 
Alls 


elementary integrations we find from equation 



, di; h 7 dz ; 7) dfl/ 4 x 


(x/4)*did 2 (d l + d.) 


4 fr/4) (/id} + k%) 4 (r/ 8 ) (/id} 4 fad}) (A 14) 

4 (x*/ 8 )(/i 4* /a) di da + (x/ 4 ) Zi k (dt 4 da) 

For a pair of cylinders of lengths h , /a, capped by hemispheres of diameters d,, d 2 , the 
computation of the mutual excluded volume is quite analogous to the preceding. Several 
details are much simpler. For the case h - k « 0, the result (A 2) is replaced by the 
volume of a sphere of diameter di 4- d% ■* 2d. The profiles^, P a ) are replaced by circles 
of radius d (compare A 8 , A 9). The assembled final result for capped cylinders is 

—£ 1 ( 7 ) *■ (4?r/3)d* 4 vdKh 4 k) 4 2dhk sin 7 . (A 15) 

Here, the averaging over directions involves only the simple integral 

fan T - t/4. (A 16) 

The Mean Covolume for Anisotropic Solutions 
We shall show how the multiple integral 

ftp(/i*/s) ■» J/i(ai)/*(a*)0i (cost 1 (ai • a>)) dQ(ai) dS2(aa), 


(Bl) 



ONSAGER: COLLOIDAL PARTICLES 657 

where ai, a® denote variable unit vectors which specify the orientations of particles, can be 
reduced to a single integral when the distribution-functions are of the special type 

/s(a) = (a a /4r sinh <*,) cosh o,(a • a 0 ), (B 2 ) 

symmetrical about the discretion a 0 (axis of the liquid crystal). Concerning ft we assume 
only 

ft (7) = ft (it — 7) = F(s\ny) (B 3 ) 

at this stage, although in the end we shall introduce the approximation 

ft (7) =» ft (71-/2) sin 7, (B 4 ) 

derived in the text. 

Consider the integral 

J = J cosh (ai(ai • ao) + c^a® ■ ao)) F($my) ; 

cos 7 *= (a* • a®). (B 5) 

The value of this integral is not affected by the substitution 

which changes the first factor of the integrand into 

cosh (ai(ai • a 0 ) — a^a® • ao)). 

The arithmetic mean of the two integrals involves the factor 

cosh (ai(ai * ao)) cosh (a 2 (a 2 • ao)) 

instead, and by comparison with Equations. B 1, B 2, we readily verify the identity 

J = (4t r) a (sinh on sinh aj/aiaaJftpC/i ,/a). (B 6 ) 

We proceed to evaluate J. 

For the direction ai, we next introduce polar coordinates (0i, <ft) referred to ao, but the 
direction a® we shall specify in terms of polar coordinates ( 7 , <f>) referred to the direction 
a*, such that <£ = 0 for a* =* a 0 . Then 

(a<j • ai) => cos Oi 

(ao - a®) » cos 02 « cos 0i cos 7 + sin 0i sin 7 cos <f> (B 7) 

« sin Oi d 0% d <f> x 
dil s «= sin 7 dy d4>* 

Since the integrand does not depend on 4>i , we integrate at once over this variable and 
get 

J « 2v J cosh (on cosh Oi + a% cos <k)F(m 7) sin 0* dOi sin 7 dy 64 . (B 8 ) 

The limits of the variables are 

0 < Oj < ir; 0 < 7 < tt; 0 < <f> < 2 ir. 

Now we replace the two variables 0 j and by the following substitution: 

cos ©1 « sin x cos (^ + *?(?)) (B 9 ) 

sin Oi cos 4 » sin x sinfy 4 * n Or)) 
tan 77(7) <*a sin 7/(01 + oa cos 7) 

3 (©i» <t>)/Kx > t) m sin x/sin 0* 
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whereby the integral takes the form 

/ =* 2v I cosh ([a* + ot\ + 2 ai a* cos y] m sin x cos ^)F(sin 7 ) sin y dy sin x &X 

J (B 1 


the integral to be taken between the limits 

0 < 7 < ?r; 0 < x < 0 < ^ < 2 tt. 

After a final substitution 

sin x cos ^ — cos ft 
cos x m sin p cos $ 
d(x, €) = sin ji/sin x, 

we c an integrate over p and £ under the integral sign as follows 


10 ) 
(B 10a) 

(Bll) 


f sin p dp f ( 
Jp -o Js -o 


cosh ([a? + ot\ + 2 caot 2 cos y] 1 ^ 2 cos p) d£ 


4 :tt[<x\ + a* + 2 aias cosh 7]~ 1/2 sinh ([a? + “2 4“ 2 aias cos 7 ] l/2 ) 
: (— 4 r/ojia 2 sin 7 ) cosh ([a? + a\ + 2 aia> cos 7 ] 1/2 ). 


The result 


C T d 

/ =» (— 8xV«i“t) / -g- {cosh ([a* + a* + 2aiaa cos 7 ] 1,J ) }F(sin 7 )sin 7 dy 

J. y— 0 s111 T CB 


/ 7-0 

may be integrated by parts and we finally obtain 
J (S^/oaaa) 12 sinh a\ sinh 0 : 2 /'’(O) 


(B 12) 


+ f cosh ([a? + a* + 2ai as cos y] lli ) dF(si n 7 )} (B 13) 
J7-0 


or in view of (B 6 ) 

2 sinh at sinh a 2 f&p(/i, /a) — /Si( 0 )} 


/*. 

J 7-0 


cosh ([a* + a* + 2 ai a.i cos 7 ]^*) d /Si ( 7 ). 


(B 14) 


For identical particles, ai = a 2 = a, 
we have 

(a 2 + a 2 + 2a* cos 7) 1/2 « 2a cos $ 7 . (B 15) 

Moreover, if we adopt the approximation 

F(sin 7 ) 355 A( 7 ) = A(w/2)an 7 ■» ~(8/V)5 sin 7 (B 16) 

(see text), the integral (B 14) can be expressed in terms of a Bessel function as follows 

2(sinh a) 2 A p(/) ** / cosh (2a cos J y)pi(r/ 2 ) cos 7 dy 
J 7—O 

- «ft(«/2)A(2a) - - 8& 7j(2a) (B 17) 

with the standard notation 

00 

ft(2a) * — J%(2ia) — 2 (« n+2 / wI (« + 2)1) 

n»0 


(B 18) 
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for the Bessel function of order 2. The integral (B 17) is but a variant of the standard 
integral definition of the Bessel function 

vh(2a) — / cosh (2 a cos x ) cos (2 x ) dx , 

Jx~o 


the last step being justified by the observation that the integrand remains unchanged when 
die argument * is replaced by v — *. 

. In all cases encountered in the present work, the argument of the Bessel function will be 
either zero (isotropic solution) or else so large that a few terms of the asymptotic expansion 


2 h(2a) 


(to)" 1 ' 2 


H 


16a 


1-3-5-7 

21 (16a) 2 


will suffice for computation, 
volume is 


(- 1) ■ 1 - 3 • 5 • 7 ■ 9 
31 (16a) 3 + 



(B 19) 


The corresponding formula for the mean effective excluded 


-&p(/)~8*(ira)- 1 ' 2 
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(32a) 2 + (32a) 3 H 


(B 20) 


In the general case ai 5 * a*, even though we adopt the approximation (B16), the integral 
of (B 14) can no longer be expressed in terms of simple known functions. An asymptotic 
expansion analogous to (B 20) has been obtained by the usual procedure: A new variable 
t is introduced by the substitution 


ot\ + ot\ + 2 oiaj cos 7 =» (ai -f a 2 — *)*; (B 21) 


the hyperbolic function is approximated by an exponential and the factor 
dF (sin y)/dt = cos 7 (dy/dt) 


by an abbreviated power series in t; finally the range of integration over t is extended to 
the interval (0, »). The following generalization of (B 20). results 


—ftp(/i, /a) ~ 8&i2(ai + a 2 )^ 2 (27raia 2 )‘" 1/2 — — + --— ) 

( 8 \oti as at + 012 / 

.«r 8 ( i 1 1 1 1 vi1 \ 

128 j^aias \«i as ai-fas/J J 


(B 22) 


By this general technique, it is also possible to deal with the more accurate description 
of the covolurae function given by Equation 45 in the text. Some terms involving the 
factor log* then occur after the substitution (B 21); but the integrals which correspond 
to these terms are easily evaluated: 

_P0 a mV 

/ e-H* (log = r'Cn +1). 

Jo ° n Jo 

For the present work, however, it did not seem worth while to complete this computation. 
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THE ATTRACTIONS OF PROTEINS FOR SMALL 
MOLECULES AND IONS 


By George Scatchard 

Department of Chemist)y, Massachusetts Institute of Technology, Cambridge , Massachusetts 

The number and variety of known compounds between proteins and small 
molecules are increasing rapidly and make a fascinating story. For instance, 
there are the compounds of iron, which is carried in our blood plasma by a 
globulin, two atoms of iron to each molecule of globulin held in a rather tight 
salt-like binding, 1 which is stored as ferric hydroxide by ferritin much as 
water is held by a sponge, 2 and which functions in hemoglobin, four iron 
atoms in tight porphyrin complexes in each protein molecule. Or, there are 
many compounds of serum albumin, which was used during the war by many 
chemists, most of whom found at least one new compound. This molecule, 
which has about a hundred carboxyl radicals, each of which can take on a 
proton, and about the same number of ammonium radicals, each of which 
can dissociate a proton, has one single radical which combines with mercuric 
ion so firmly that two albumin molecules will share one mercury atom if 
there are not enough to go around. 3 

At the present stage of rapid growth of known compounds, it seems more 
profitable for me to make no attempt to catalogue the various classes of com¬ 
pounds, but to discuss the general principles involved, in the hope that this 
will make more useful the information which is accumulating so rapidly from 
so many laboratories. 

We want to know of each molecule or ion which can combine with a protein 
molecule, “How many? How tightly? Where? Why?” The answer to 
the first two questions, and sometimes to the third, can be furnished by the 
physical chemist, but he will often need to team with an organic chemist to 
determine the effect of altering specified groups to find if they are reactive. 
The determination of function is a complicated problem which may be the 
business of the physiologist or physiological chemist. But the answers to 
both of the more complicated problems will depend on the answers to the 
simpler questions, “How many?” and “How tightly bound?” 

If the various groups on a protein molecule act independently, wo can apply 
the law of mass action as though each group were on a separate molecule, 4 
and the strength of binding can be expressed as the constant for each group. 
Often, a single constant will express the behavior of several groups. If the 
constants are widely spread, as those for the reaction of hydrogen ion with 
carboxylate ions, with imidazoles and with amines, the interpretation is 
simple. If the separation is less, it is very difficult to distinguish the case of 
different intrinsic affinities from the case of interaction among the groups. 

We know that such interaction occurs in simple molecules in which a reac- 

660 



SCATCHAKD: PROTEINS AND SMALL MOLECULES 


661 


tion has equal probability of happening at various points on a molecule. 
Reaction at one of these points may make it much more difficult for the reac¬ 
tion to occur at another point, as in the dibasic carboxylic acids, 6 or it may 
make a second reaction much easier, as in the reaction of ammonia with 
silver ion. 6 There may be an effect of the medium which can be interpreted 
by an activity coefficient, but there may also be a residue which is independ¬ 
ent of the medium. There may be an electrostatic effect, but there may 
also be additional effects which cannot be explained by any simple electro¬ 
static theory. 

Independent action of the groups means that the change in free energy for 
the reaction of the protein with v small molecules is made up of the statistical 
entropy terms plus a term proportional to v. The simplest extension is to 
add another term proportional to v. This extension is particularly impor¬ 
tant since it is sufficient to account for the Debye-Hiickel approximation of 
electrostatic interaction in a medium of unchanging dielectric constant and 
ionic strength, or to account for non-electrostatic interaction with random 
distribution. 

If the initial probability of reaction is the same at each of n points, the 
change in free energy (A F) v for the reaction P 0 + vA = PA V is given by 

(AF) P /RT = In + In v ] (n — v) !/w f — v In k + wv* (1) 

in which RT has its usual significance, c 0 , c„, and ca are the concentrations 
of Po, RA V and A, k is the intrinsic constant for the reaction at a single 
group, vlisv factorial and w is the coefficient of v 2 . The average association 

v = ^ c v v / 2 ^ is 

v—O / 


n! 


_ _ £o y!(w — y) 1 


(kc^Ye 


toy* 


n\ 


y^o v\(n — v )! 


(kc A )’e 


( 2 ) 


The calculation of v by this equation is straightforward, and may be ex¬ 
tended to the case of more than one constant by addition of the respective 
P’s taking into consideration the possibility that the tw 2 terms may become 
more complicated. This method has been used by Cannan, Kibrick, and 
Palmer 7 for the titration of fifty-one carboxyls, five imidazoles, and twenty- 
three amines in ovalbumin, and by Klotz, Walker, and Pivan 8 for twenty- 
two sulfathiazole groups reacting with serum albumin. If the total number 
of groups is large, however, the method is very tedious, and if the total num¬ 
ber is unknown it is practically unusable. 

Linderstram-Lang 8 attempted to sum the series in the paper in which he 
made the first application of the Debye theory to titrations of proteins. He 
obtained the effect on the straight middle portion of the curve of P versus pH, 
but did not extend it further. Cannan, Kibrick, and Palmer 7 used the com- 
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plete expression. Putzeys and Bouckaert 10 derived the complete expression 
with very complicated mathematics. The solution for a very large number 
of groups is so simple and holds so well for a moderately large number of 
groups that it is worth while to present it free from any non-essentials. 

From equation 1, we find that the ratio of the concentration of all species 
with v molecules of A combined with one of protein to the concentration of 
those with v — 1 molecules is 

- ” + 1 ~ v hc A e~*-°. (3) 

Cp -1 V 

If the titration is to spread over only a few powers of ten, nhv must be 
finite and only moderately large. Thus, w(2v — 1) must be very small when 
n is large. Therefore, c v /c v ~i will be unity at the same value of v as for an 
ideal solution,* for which w = 0 and kc = vj(n — z>), and v = v + v/n: sub¬ 
stituting this value in equation 3 and transposing yields 

ke w c A = ^a+i/«)»i 

n — v 

k'c A = — e w ’ f In k'c = In + 2 w'i> (-4) 

n — v n — v 

in which k' = ke w and ze/ =» ^1 + Rather than trying to prove that 

this is the limiting expression for very large values of n, let us see how bad 
it is for very small values. 

We find that titration curves often have shapes not unlike that for w = 0, 
which is shown as curve 4 in figure 1, except that they are spread about 



ApG 

Figure 1 . Titration Curves. 


twice as far on the pH axis. How can the ideal curve be warped to give this 
spread? Although the centra] portion of the curve is nearly linear, it is not 


, so that PA i x 
compared to w, 


andPXL, 

Moreover, 
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permissible to rotate the curve about its center because the asymptotes must 
remain horizontal with % = 0 and x — 1. If the reactions at hah the points 
have an intrinsic dissociation constant different from those at the other half, 
we divide curve 4 into two equal parts, pull them apart horizontally, and 
then add. Curve 3 shows the result if k" is one-hundredth of k'. If equa¬ 
tion 4 is valid, each point should be displaced horizontally by an amount 
proportional to its perpendicular distance from the midpoint. Curve 2 
corresponds to equation 4 with w'n — 2. It is also possible to displace each 
point by an amount proportional to its horizontal distance from the mid¬ 
point, which is equivalent to changing the scale of abscissae. In curve 1, 
each point has double the horizontal displacement of curve 4. When the 
displacement of curve 4 is divided by an integer, the resulting curve corre¬ 
sponds to reaction of that integral number of molecules with one protein 
without any intermediate forms. I can find no physical explanation for this 
type of curve for displacement greater than that of curve 4, but I have in¬ 
cluded it because this expression is often used. Curves 4, 5, and 6 represent 
the difference in horizontal displacement of curves 1,2, and 3 from 4, and the 
broken lines with 4 and 6 are repetitions of 5. 

Figure 2 shows the differences in v/yi of curve 3 of figure 1 from curve 2 



pkC 

Figure 2, Effect of Finite Number of Groups. 

Deviations from pkC m log 

X 

at the same value of p kc. The maximum difference is 3.9 percent, and the 
difference is zero when kc is 0.04,1, or 25. Figure 2 also shows the difference 
from curve 2 of a curve of the type of curve 1, and of the curves for n = 3 
and n = 4 which intersect curve 2 at these same points as curve 3. For 
three groups, the maximum deviation is 1.2 percent; for four groups it is 0.3 
percent, and the deviation is also zero for kc =* 0.1 and 10. Thus, four is 
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practically infinity within the accuracy of most measurements if the curve 
is spread twice the width of curve 4, eigctre 1. 

For the Debye-Hiickel approximation for a charge spread uniformly over 
the surface of a sphere of radius b which excludes small ions to a radius a, 


2DkT 


(~ -— ) 

\b 1 + kg) 


in which D is the dielectric constant of the medium, k is Boltzmann's con¬ 
stant, T the absolute temperature, e the electronic charge, z the valence of 
the small molecule, and k has its usual significance in the Debye theory, and 
the net valence of the protein replaces v in wv 2 . 

The expression for a discrete distribution of charges within a spherical 
molecule is given by Kirkwood, 12 as modified by Kirkwood and Westheimer. 18 
The greatest difference from the Debye-Hiickel expression is that b is a func¬ 
tion of the charge distribution and dielectric constant of the protein molecule, 
and is such a function of the dielectric constant of the medium that 1/Db 
does not vanish for an infinite dielectric constant. Kirkwood’s expression 
also gives a more complicated variation with ionic strength, but this will be 
so smeared by non-electrostatic effects that, in the present state of our 
knowledge, it will be sufficient to use this equation with the conditions that 
b need not be too closely related to the size of the molecule, and a is always 
greater than b . These expressions are all limited to very small protein con¬ 
centrations. The effect of increasing concentration is discussed by Scat- 
chard, Batchelder, and Brown. 14 Usually we do not know enough about the 
protein to justify considering second approximations. 

At times, I have been troubled by the fact that the probability of reaction 
is not the same for all points once reaction has occurred at one of them. I 
know that I have not been alone in this worry, so it has seemed worth while 
to consider the electrostatic effects for two simple distributions: a regular 
tetrahedron and a cube at zero ionic strength in a medium of the same dielec¬ 
tric constant as the large molecule. The results are shown in figure 3. 
Putting on the first small molecule will require no electrostatic work, but for 
each additional one there will be work proportional to the sum of the recipro¬ 
cal distances to each charge already there. 

For the regular tetrahedron, the distances are all the same and there is one 
form with noxharge, four with one charge, six with two, four with three, and 
one with four charges. The worETare proportional to 0,1.7,5.2,10.3, or to 
0.86 v(y — 1), The works are normalized so that the work for the fully 
charged cube is v(y — 1). For the smaller charges, the number of each form 
and the work is listed below the model of the form. The differences from 
v(v — 1) are so small for most of the molecules that my worries have been 
dissipated. 

* The limit at very small values of « is (<*&/2DkT)/b. and at very large values of «it is {&fl/2DkT)(l/b — 
1/a). Two parameters, a and b, are necessary to keep the latter limit different from zero. 
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There seems to be but little known of negative values of w for protein com¬ 
pounds. However, we might expect cases when the van der Waal’s attrac¬ 
tion of long chains should overcompensate electrostatic repulsion just as it 
does in soap micelles. When nw equals — 2, the slope of v vs. log c A becomes 
infinite, and for larger values there is a sudden jump from small values to 
large. The electrophoresis of albumin and decanyl sulfate by Putnam and 
Neurath 16 probably indicates an effect of this kind. The first compound may 
represent saturation with charged ends toward the protein, while the second 
may have a reversed layer, giving a soap micelle wrapped around the protein 
molecule. 16 

Figure 4 shows the titration of ovalbumin with HC1 or KOH in the pres¬ 
ence of KC1 in various amounts by Cannan, Kibrick, and Palmer. 7 The 
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extent of combination necessary to explain these deviations as pure Donnan 
effects. The value of v falls regularly as the valence becomes less positive, 
jumps suddenly near the isoionic point, and then falls again steadily. A 
glimpse at figure 8 will explain the behavior. The points are B from the 
equation 

PV° = RTm^iX + BW 1 M 2 ) 



Figums 8. Serum Albumin and Chloride Ion 14 


in which P is the osmotic pressure, V° the volume containing a kilogram of 
water, m 2 the molal concentration of protein, and W 2 its molecular weight. 
The broken line is the Donnan value. The extent of combination calculated 
in figure 7 is the horizontal displacement necessary to bring the point to 
the Donnan line, and the break near the isoionic point separates those points 
which are moved to the right branch from those which are moved to the left. 
Taking into account the effect of the combination indicated by the salt 
distribution makes the effect of albumin on its own activity coefficient more 
symmetrical, but it does not reduce much the maximum effect, which must 
be taken into account. 

Recently, we have been studying the combination of chloride ion and of 
thiocyanate ion with human serum albumin by a procedure like that of 
Klotz, 8 except that the concentration is determined by conductance. This 
necessitates measurements without added salt and therefore at varying ionic 
strength. The experimental results will be reported in a later paper, but I 
want to discuss here the method of treatment which we developed for them. 

For the acid titrations, the maximum binding capacity can be approached 
closely with relatively low concentrations of acid or base. For the weaker 
associations, which we are considering now, the average amount bound is still 
increasing rapidly when only a small fraction of the small molecules are 
combined. This makes the determination of the maximum binding less 
certain, and our task is to reduce that uncertainty as far as possible. 
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Recent usage has been to invert the law of mass action solved for v to give 

1 = 1 + kc = 1 + _1_ 
v knc n .knc 

to plot 1/P against 1/c, to draw the*best straight line and call its intercept 
1 In and itS'slope 1/kn. This has the disadvantage of concealing deviations 
from the ideal laws, and of tempting straight lines where there should be 
curvature. 

I have preferred to start with the mass action law solved for c: 

v/ (n — v) = kc 

t 

and multiply by (n — v)/c to give 

v/c = k(n - f). (7) 

Plotting v/c against P again gives a straight line if k is constant. The inter¬ 
cept on the v/c axis is kn , the classical first association constant, and the 
intercept on the v axis is n. This plot shows immediately how great is the 
extrapolation necessary to determine these quantities. 

Curvature may indicate ‘different intrinsic constants or deviations from 
independent probabilities. In the latter case, we may alter equation 4 to 
give 

ve 2w '*/c = k' (n — v) (8) 

and plot Ve w ' P /c against v. Sometimes w e may be calculated theoretically, 
or an approximate value may be determined empirically. It is not necessary 
to straighten the line if the correction is good enough to determine the inter¬ 
cepts. Even if there are different intrinsic constants, the two intercepts are 
still the classical first association constant and the total number of groups. 

As an example, we show the titration'of ovalbumin of Caiman, Kibrick, 
and Palmer 7 with 32 g. protein per liter and no added salt. In tigtoe 9, the 



full circles are the measured values of P assuming that P is ten for the isoionic 
protein. The open circles are corrected by the equation corresponding to 
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the authors’ assumption that the correction is 0.8, the Debye value for b — 
27.5 A and a = 29.5 A, which gives 

2w/2.3 = 0.084[1.073 - 9.68Vm/(1 + 9.68 Vm)] 

in which ju is the ionic strength. The straight line corresponds to their values 
of n = 51 (obtained from special experiments) and log k = 4.29. The curve 
is obtained from this line by making the correction in reverse. The measured 
value for the most dilute point falls off the scale. The corrected value begins 
to show the effect of the imidazole groups, which are not counted in v* The 
broken line shows the effect of correcting the lower curve by the full Debye 
value for the dimensions chosen by the authors, that is, with w 1.25 times 
that for the straight line. Although it is obviously overcorrected, the values 
of (n — v) and of kv at the isoionic point could be obtained from it with very 
fair accuracy. 

Figure 10 shows the results of Klotz, Walker, and Pivan 8 on bovine serum 



albumin and methyl orange. Again, the filled circles are the measured 
values and the open circles are corrected for electrostatic effects using the 
dimensions which the authors used for sulfathiazole. The straight line is 
that determined by the values of n and k given by the authors. It is not 
certain that these measurements should be corrected for electrostatic effects. 
They are made in 0.1 M phosphate buffer, and it is possible that the methyl 
orange replaces phosphate ion instead of reacting with uncombined albumin. 
The extrapolation of these results is much less certain that that in figure 9. 

Figure 11 shows their results for serum albumin and sulfathiazole. The 
correction is the same as that made by the authors and the straight line is 

* The correction is made for ? — 10, so that there is none at the isoionic point, and the value of k should 
be determined as f/e(n — r) for the isoionic point. 
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determined from their values of n and k. The curve through the experi¬ 
mental points is made by applying the correction in reverse to the straight 
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line. If the reaction is the displacement of a univalent ion by a bivalent 
one, the correction should be only the fourth root of that used. 

Figures 12 and 13 show the results of Teresi and Luck 20 for bovine serum 
albumin and some nitrophenolates. Again, the filled circles represent the 
measured values, the open circles are corrected for electrostatic effects as in 
figure 10, and the lines are determined from the values of k and n given by 
the authors. These reactions may also be displacements of buffer anions 
so the electrostatic correction may be improper. 

Although the precision of extrapolation is not very great, the results are 
quite sufficient to show the difference between the orthophenolate on one 
hand and the meta- and paraphenolates on the other. For the orthopheno¬ 
late, k is much larger and n much smaller. The authors find smaller values 
of n for many orthonitrophenols, and they attribute the difference to steric 
hindrance. It is not surprising that an ortho-nitro group favors association 
at points where the steric hindrance does not interfere. 

Much of the difference between the precision of extrapolation in figure 
9 for hydrogen ion and in the subsequent figures for anions depends upon the 
much greater magnitude of the association constants for the acid titration. 
However, these figures should show the great importance of the greatest 
possible precision over the widest possible range in order that these curves 
may be extrapolated accurately to the intercepts which tell us “how many” 
and “how tightly bound.” 
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DETERMINATION OF THE DISSOCIATION 
CONSTANTS OF WEAK. ELECTROLYTES 
IN SALT SOLUTIONS 

By Martin Kilpatrick. 

Department of Chemist) y, Illinois Institute of Technology , Chicago , Illinois 

In connection with kinetic studies, it is often essential to have a fairly 
accurate knowledge of the hydrogen ion concentration of aqueous and non- 
aqueous solutions in the presence of appreciable concentrations of electro¬ 
lytes. There now exist precise values of the thermodynamic dissociation 
constants of a number of carboxylic acids in aqueous solution, and in some 
cases the dissociation constants are known over a considerable range of con¬ 
centration for a few electrolytes. These dissociation constants have been 
determined by five general methods: (1) conductance; (2) electromotive 
force methods; (3) colorimetry; (4) kinetic measurements; and (5) solu¬ 
bility. 

It is the purpose of this paper to review the use of the kinetic method for 
determining the dissociation constants of monobasic acids and to point out 
the difficulties and assumptions involved when the concentration of electro¬ 
lytes is high. 

In the early days of the Arrhenius theory, Ostwald and others used the 
kinetic method to obtain the ratio of the dissociation constants of acids. 
Essentially, the method consisted in obtaining the velocity constant for the 
inversion of sucrose or the hydrolysis of methyl acetate in solutions contain¬ 
ing equivalent concentrations of the acids in question. The ratio of the 
velocity constants was taken as the ratio of the dissociation constants. 
These results were often combined with dissociation constants obtained from 
conductance calculations based on the assumption that A/A w = a and the 
Ostwald Dilution Law. For example, Ostwald 1 determined the dissociation 
constant of dichloroacetic acid from conductance measurements at 25° C. as 
0.0514 and then determined the ratio of this dissociation constant to that of 
trichloroacetic acid by a comparison of the rates of inversion of sucrose for 
"the two acids and reported a value of 1.2 for the dissociation constant of 
trichloroacetic acid. We shall see later that there is no reliable value of the 
dissociation constant of trichloroacetic acid in the literature at the present 
time. In using the kinetic method to determine hydrogen ion concentration, 
Ostwald assumed that the rate of reaction was directly proportional to the 
hydrogen ion concentration and neglected any electrolyte effects on the rate 
of reaction. 

With the introduction of empirical rules for activity coefficients 2 '® and of 
the Debye-Hiickel equation, 4 together with the solution of the conductance 
problem, 6 many of the difficulties of methods 1, 2, 3 and 5 for determining 
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dissociation constants disappeared. A step forward was taken in the use of 
the kinetic method by introduction of the equation for reaction velocity. 6 
For a reaction between A and B, this equation is 

5 = k° CaC b (1) 

JU,B) 

and the application of the Debye-Hiickel theory to this equation for reaction 
between ions yields, for water at 25° C., 

log k = log k° + Z a ZbVH (2) 

an equation which has proved most successful in explaining electrolyte effects 
in reactions between ions in the range of concentration where the Debye- 
Hiickel limiting law holds. For aqueous solutions at ionic strengths above 
0.01, where the limiting law of Debye and Hiickel is no longer applicable, the 
introduction of a salting-out term has been fairly successful. This equation 
may be written as follows: 

log k = log k° + Z A ZbVp + Bfi (3) 

where B = [—/3a — ft? + P(a,b)]. When equation 3 is applied to a reaction 
between an ion and a non-electrolyte, the second term drops out, and equa¬ 
tion 3 for hydrogen ion catalysis takes the form 

log £h 8 o + = log &°h 8 o+ + BC (4) 

where £ H8 o+ represents the velocity constant for molar hydrogen ion at the 
concentration C of uni-univalent salt, and £°h 8 o+ is the velocity constant 
for molar hydrogen ion at zero electrolyte concentration. It is the purpose 
of the present paper to examine the application of equation 4 to reactions 
between an ion and a non-electrolyte and, in particular, to reactions where 
the ion is the hydrogen ion in aqueous solution. 

An examination of the results in the literature indicates that the magnitude 
of the electrolyte effect varies greatly. Table 1 gives the B values for a 


Table 1 

Electrolyte Effect B = log ^ g>0 * 


Reaction 

HC1 

HCIO* 

HNOi 

pCeH.CHSOjH 

QH 5 SO 1 H 

Hydration of isobutene 

Hydrolysis of ethylal 

Hydrolysis of dimethyl acetal 

0.44 

0.35 

0.31 

0.47 

0.21 

0.30 


Hydrolysis of sucrose 

Hydrolysis of ethyl acetate 

0.21 

0.078 

0.29 

0.17 


0.25 


number of reactions, and it is to be noted that these values vary from reac¬ 
tion to reaction and from electrolyte to electrolyte for the same reaction. 
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As an illustration, B varies from 0.44 to 0.078 for the electrolyte hydrochloric 
acid for five different reactions, and it varies from 0.47 for perchloric acid to 
0.21 for nitric acid in the case of the hydration of isobutene. 7 

All of these reactions are accepted as cases of specific hydrogen ion catalysis. 
The effect of electrolytes at constant hydrogen ion concentration has also 
been studied in the case of the hydrolysis of acetals, 8 and the large and vary¬ 
ing magnitude is shown by table 2 , which gives the percentage salt effect at 


Table 2 

Electrolyte Effect of Different Salts on the Hydrolysis of Diethyl Acetal 


Salt 

% Increase in &Hao + at 0.1 M 

NaC10 4 

14.2 

LiCl 

12.8 

NaCl 

13.2 

KCl 

12.6 

LiNOs 

9.3 

NaNOj 

10.2 

kno 3 

7.5 

CtHtSOjNa 

5.3 

pCe^CHsSOaNa 

5.0 


0.1 molar for nine electrolytes. These results are to be compared to 2-4 per 
cent effects in the case of the hydrolysis of ethyl acetate. Olson and Tong 9 
have considered this problem and, in the cases where the activity coefficient 
of the substrate is known, have concluded that the variation of the ratio of 
the activity coefficient of the hydrogen ion to that of the activity coefficient 
of the critical complex, with electrolyte concentration, would have to be 
much greater than expected for the ratio of univalent ions in order to account 
for the magnitude of the electrolyte effect. These authors suggest that the 
ions of electrolyte polarize the water molecules and this orientation of the 
water molecules changes the specific rate of the reaction. 

Whatever the explanation, the magnitude of the electrolyte effect necessi¬ 
tates certain assumptions in the use of the kinetic method in the determina¬ 
tion of hydrogen ion concentration. Riesch and Kilpatrick 10 determined 
the dissociation constant of benzoic acid in nine solvent salts by the follow¬ 
ing method. The hydrolysis of diethyl acetal was chosen as a reaction 
giving a convenient rate at 25° at a hydrogen ion concentration of 1 X ICh 4 
moles per liter. The reaction was calibrated at 0° in the presence of the 
salts with 0.01 molar strong acid as the catalyst. In all cases, the electrolyte 
was in large excess and & H3 o + was determined at 0° C. to avoid the use of 
low concentration of strong acids. The calibration curves for the reaction 
were transferred to 25° on the assumption that the energy of activation for 
the reaction, determined from the temperature coefficient k^/k^ , was inde¬ 
pendent of temperature and electrolyte concentration. The kinetic measure¬ 
ments with benzoic acid-benzoate buffers in the presence of an excess of salt 
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permitted the determination of the hydrogen ion concentration and calcula¬ 
tion of the dissociation constant. The Kc/Ka ratios, calculated using the 
thermodynamic dissociation constant obtained from conductance measure¬ 
ments, 11 are given in table 3, The Kc/Ka ratios vary from electrolyte to 


Table 3 


Ratios oi tul Concentration to Thermodynamic Dissociation tor Bi nzoic Acid, 

Kc/Ka 











A 









4 

8 


KC1 

NaCl 

LiCl 

NaClOi 

KNOj 

NaNO, 

LiNO, 

% 

tS 

Q 









in 

4 

§ 









O 

a 

0.10 

1.61 

1.68 

1.72 

1.65 

1.64 

1.65 

1.62 

1.60 

1.57 

0.20 

1.78 

1.82 

1.86 

1.72 

1.76 

1.79 

1.79 

1.74 

1.62 

0.30 

1.81 









0.40 


1.86 

2.04 

1.66 

1.82 

1.86 

1.97 

1.74 

1.52 

0.50 

1.82 







1.70 


0.60 


1.89 

2.04 

1.62 

1.82 

1.86 

1.95 


1.30 

0.80 

1.77 

1.88 

2.04 

1.53 

1.77 

1.83 

1 93 

1.49 

1.05 

1.0 

1.72 

1.81 

2.03 

1.41 

1.72 

1.77 

1.90 

1.31 

0.87 

- 1.5 

1.52 

1.57 

1.93 

1.18 


1.58 

1 75 

0.84 


2.0 

1.29 

1.38 

1.71 

0.97 


1.43 

1.56 



2.5 

1.11 

1.07 

1.52 



1.27 




3.0 

0.80 

0.77 

1.20 

0.59 


1.08 

1.13 




electrolyte, and where comparisons with other methods have been made 12 the 
results are reasonably concordant. A further examination of the assump¬ 
tion of the constancy of the measured energy of activation showed a decrease 
of 33 cals, per degree rise in temperature for diethyl acetal. 13 

In the case of acids of higher dissociation constant (greater than 10" 3 ), the 
reaction can be calibrated with approximately 0.01 molar hydrochloric acid, 
and the dissociation constant determined kinetically without involving the 
assumptions of the constancy of the energy of activation in the Arrhenius 
equation. However, halogen-substituted acids such as monochloroacetic 
acid are not stable at low hydrogen ion concentrations, and the increased 
accuracy resulting from the use of a buffer solution is lost. For example, 
kinetic measurements on the hydrolysis of ethylene acetal in monochloro¬ 
acetic acid solution yield values of the dissociation constant which, upon 
extrapolation, give 1.413 X 10“® 14 for the thermodynamic dissociation con¬ 
stant of monochloroacetic acid at 20°. This compares favorably with values 
of 1.49 and 1.44 X 10~ 3 from measurements 18 of cells with and without liquid 
junction at 18° C. At 25°, the value from measurement of cells without 
liquid junction 16 is 1.379 X 10“ 3 , 1.400 X 10~* from conductance measure¬ 
ment, 18 and 1.40 X 10“* from colorimetric measurements. 17 

In the case of trichloroacetic acid, the observed velocity constant for the 
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hydration of isobutene is equal to that for nitric acid. 7 On the assumption 
that the kinetic electrolyte effect of trichloroacetate is equal to that of nitrate 
ion, trichloroacetic acid would necessarily be considered as strong an acid 
as nitric acid. The dissociation constant, calculated on the assumption that 
the electrolyte effect of perchlorate is the same as of trichloroacetate, is 1.0. 
Table 4 summarizes the calculation of the dissociation constant from the 


Tabll 4 

Dissociation Constant of Triciiloroacktic Acid from Inversion of Sucrose 


CClaCOOH 

m/l 

'In 

li 

K. 

Ke/K» 


0.5 

0.362 

0.949 

1.86 

0.508 

2.0 

0.932 

0.812 

1.80 

0.451 

4.0 

1.35 

0.688 

1.64 

0.420 


1.41 

0.768 

1.62 

0.474 


Assumptions (a) Reaction catalyzed solely by hydrogen ion. 

(b) Electrolyte effect same as perchloric acid 

log fc Hj0 f « 3 S60 + 0 290 C, ICL04 

(c) Activity coefficients vary with ionic concentration as those for acetic acid in sodium 
chloride solutions. 


inversion of sucrose 18 on the same assumptions, which gives approximately 
0.5, and recalculation of the kinetic data for the hydrolysis of ethyl acetate 19 
gives approximate agreement with the results from the hydration of iso¬ 
butene. However, a calculation neglecting the effect of ionic atmosphere 
on the mobility of the ions, using the conductance data of Ostwald, yields a 
value of the dissociation constant of trichloroacetic acid which is almost a 
power of 10 lower, after correction for activity coefficients. The conduct¬ 
ance data are not accurate enough to attempt a calculation using the proce¬ 
dure of Onsager. 8 Hall 20 reports a value of 0.2. Baughan 21 rightly claims 
there is no reliable value of the dissociation constant of trichloroacetic acid 
in the literature. 

In view of these discrepancies, it is of interest to compare the kinetic 
determination of the dissociation constant of dichloroacetic acid using more 
than one reaction. Tabus 5 gives the dissociation constant of dichloroacetic 
acid from kinetic measurements with ethylene acetal which are to be com¬ 
pared with 0.043 from the kinetic determination using the hydration of iso¬ 
butene and 0.0332 reported by Hamed and Hawkins 22 from kinetic 
measurements on the hydrolysis of ethyl acetate. Our own analysis of these 
data, given in table 6 , yields a somewhat higher value. 

The kinetic results are to be compared with 0.0514 reported by Ostwald. 
A recalculation of part of the conductance data, taking into account the 
change of mobility and activity coefficients with ion concentration, yields a 
value of 0.046 for the thermodynamic dissociation constant at 25° C.jbut too 
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Table 5 


Dissociation Constant of Dichloroacetic Acid in Solutions of Sodium Diculoro- 

ACETATE AND SODIUM CHLORIDE FROM KINETIC MEASUREMENTS WITII ETHYLENE 

Acetal at 25° C. (Hillenbrand and Kilpatrick) 


HiO+* 

m/l 

CHClaCOO" 

m/l 

CHCIaCOOH 

m/l 

Kc 

a* 83 0.5 

Ka ** 

0.02559 

0.1460 

0.03973 

0.0940 

0.0497 

.02465 

.1451 

.04067 

Hi®» l : r < 

.0465 

.03062 

.2723 

.1005 

*: t hSS 

.0438 

.03226 

.3917 

.1628 

aKifl i n 1 EH 

.0410 

.03204 

.5135 

.2290 

.0718 

.0380 


* [HjO + ] — k 0 b&/k m0 +. k SjQ -i was obtained from the HCl-NaCl experiment for which [ILO *■] = 0.025- 
m/1 and £obs =* 0.02952. 

** K ft =» ELc/ 1.892, where 1.892 is the activity coefficient factor corresponding to an ionic strength of 
0.51 to 0.52. 


Table 6 

Dissociation Constant of Dichloroacetic Acid from the Hydrolysis of Ethyl 

Acetate 


(All solutions 0.202 molal in CHCIaCOOH.) 


NaCl 

m/l 

Ko 

Kc/Ka 

K a 

0.1987 

0.0686 

1.82 


.4942 

.0691 

1.88 

.0368 

.9790 

.0625 

1.75 

.0357 

1.920 

.0486 

1.38 



Assumptions: (a) Reaction catalyzed sole’y by hydrogen ions. 

lb) Electrolyte effect same as sodium chloride. 

(c) Activity coefficients vary with ionic concentration in the same manner as those for ace¬ 
tic acid in sodium chloride solution, calculated from data of Harned & IIickey.m 


much reliance cannot be placed on this value, as Ostwald himself pointed out 
that the data in dilute solutions are not reliable. 

It is evident that, for reactions between non-electrolytes and ions, medium 
effects of considerable magnitude are to be expected, and these may be specific 
enough to complicate the kinetic determination of hydrogen ion concentra¬ 
tion in concentrated solutions. In non-aqueous solution, it is becoming 
evident that these specific effects appear at much lower concentrations and 
that a further understanding of the nature of medium effects is necessary for 
kinetic studies. 
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THERMAL PROPERTIES OF ELECTROLYTIC 
SOLUTIONS AND THE DEBYE-HUCKEL 
THEORY 


By Frank T. Gucker, Jr. 

Chemical Laboratory , Indiana University, Bloomington , Indiana 


Introduction 


A great theory presents a picture of Nature which successfully explains the 
facts for which it was designed. It also successfully predicts new facts, 
stimulates new experimental methods, and leads to unsuspected generaliza¬ 
tions. This is well illustrated by the application of the Debyc-IIuckel 
theory of interionic attraction to the thermal properties of electrolytic solu¬ 
tions. Soon after Debye and Hiickel 1 gave their theoretical explanation of 
the activity coefficients of dilute solutions of strong electrolytes, Adams 2 and 
Bjerrum 3 simultaneously pointed out the application of the Debye-Huckel 
theory to predicting the heat of dilution of very dilute solutions of strong 
electrolytes. Bjerrum showed that the sign of the limiting heat of dilution 
depends upon the dielectric properties of the solvent, and that all salts dis¬ 
solved in dilute aqueous solutions should liberate heat on infinite dilution. 
The amount of heat depends upon the properties of the solvent and the 
valence type of the salt. Later, Scatchard 4 pointed out that the heat of 
dilution at constant pressure also involves the thermal expansibility of the 
solvent. He showed that the limiting law at low concentrations for the 
electrical contribution to the relative apparent molal heat content of a single 
strong electrolyte, equal to the heat liberated when one mole is diluted from 
a concentration c to concentration zero, is: 


= 27* 27* 


•A 1 + 


din P I \ 

din 3 / Z>*«2™ 


( 1 ) 


Here, A = \/irNh*/1000 k, N is Avogadro’s number, e the charge of the 
electron, k is Boltzmann’s constant, D the dielectric constant of the solvent, 
T the absolute temperature, a the coefficient of thermal expansibility of the 
solvent, v x the number of ions of the i th kind, with charge a,, and c is the 
molarity. The term \aT reduces the limiting slope 7% for water at 25°. 
(2 Vi g*)* /J is the important valence factor. 

Gronwall, LaMer and Sandved 5 extended the Debye-Hiickel calculation 
of the potential at any point in an electrolytic solution, to include higher 
terms of the exponentials which Debye and Hiickel omitted. The complete 
equation for the electrical contribution to the relative apparent molal heat 
content of a single electrolyte is given by Scatchard as: 


$Lt = H, — H e 
680 
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Her,, B. . —NkT Zr.e.Zf (J^L)' [(l + (2) 

_ m Y m (x)j - —- 3«tF m (a;)^J 


+ 

where a is the mean collision diameter of the ions, X m (x) and Y m (x) are com¬ 
plicated functions of j5i/s 2 and x , and: 

JlaPc 

(3) 


x = Ka = aA^Ev.z: 

V 1000 kTD 


H e ° is the value of H e when x = 0. If a is independent of temperature, the 
last term of equation 2 vanishes. 

When Bjerrum compared the predictions of the Debye-Htickel theory with 
the heats of dilution available in the literature, the best series of measure¬ 
ments which he could find were those of Richards and Rowe.® They had 
studied hydrochloric and nitric acids, and the hydroxides, chlorides, and 
nitrates of lithium, sodium, potassium, and cesium down to a concentration 
of 400 moles of water per mole of electrolyte, or 0.14 m. With a sensitivity 
of 0.001° in the temperature measurements, they could go no lower. At 
this concentration, some heats of dilution were positive and some negative, 
and Bjerrum found no agreement with the Debye-Hiickel limiting law. 
Figure 1 shows some of these heats of dilution, extrapolated to zero concen- 



Fxgusx 1 . Relative apparent xnolal heat contents of some electrolytes based on extrapolation of the 
data of Rxchabds & Rows. 
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tration and drawn from a common origin so that each curve represents the 
relative apparent molal heat content of the substance, based on this method 
of extrapolation. 


Micro calorimetry 

A test of the predictions of the Debye-Hiickel theory required new meth¬ 
ods of measuring heats of dilution with greatly increased sensitivity. In 
1926, Nemst and Orthmann 7 used a double calorimeter sensitive to 10 micro¬ 
degrees to measure heats of dilution of a number of salts, but could find no 
agreement with the theoretical predictions. The next year, however, they 
refined the sensitivity of their previous calorimeter, 8 and Lange and Messner 9 
described their results with a differential calorimeter of very high sensitivity. 
Both found that all solutions of representative strong electrolytes liberated 
heat at great dilution, and that the heats of dilution seemed to approach the 
limiting slopes predicted by the Debye-Hiickel theory. 

Figure 2 shows the differential microcalorimeter developed by Lange and 
his co-workers, with which most of the information on heats of dilution of 
strong electrolytes has been obtained. It consists of an unsilvered Dewar 
flask, divided into two similar calorimeters, each of about one liter capacity, 
by a central partition containing a 1,000 to 1,500-junction iron-constantan 
thermel connected to a sensitive galvanometer. The Dewar flask is im¬ 
mersed in an outer bath, the temperature of which is adjusted to make the 
system adiabatic. The adiabatic thermel allows a measurement of any tem¬ 
perature difference. 

The calorimeters can be filled and emptied through filling tubes, one of 
which is shown. Each calorimeter contains a pipet, one of which is shown. 
The solution to be diluted is put into one of the pipels, which also can be 
filled and emptied from outside. When the temperature difference between 
the calorimeters has been followed for long enough to establish the tempera¬ 
ture trend, the pipet is opened and the solution is diluted. The heat of 
opening of the pipet may be compensated by opening simultaneously the 
other pipet, containing water. Most of the heat of dilution is balanced by 
quantitative electrical heating, and the remainder is read from the tempera¬ 
ture difference before and after the experiment. The temperature sensitivity 
was gradually increased from 5 to about 0.2 microdegree, so that heats of 
dilution were measured down to 0.0001 M . 

Another microcalorimeter, developed by Gucker, Pickard, and Planck, 10 is 
of somewhat different design, as shown in figure 3. Each of the 1-liter twin 
calorimeters, C, C, made of tantalum, contains a 60-ml. pipet, P, and a 
stirrer, 5, only one of which is shown. The calorimeters are suspended 
inside a submarine jacket, /, immersed in a water bath, J3. The constant 
for heat conductivity through the 3-cm. air gap to the water bath is 0.003 
per minute, compared to 0.004 11 to 0.006 u for a Lange-type calorimeter, using 



10 Cm 

Ficuss 2. Adiabatic differential microcalonmeter of Langs and co-workers 

an unsilvered Dewar flask, in which the biack-body radiation is the controlling 
factor. The temperature of the water bath is kept within d=0.0003° of that 
of the calorimeters by an automatic control operated by the adiabatic 
thermels, A, A. The difference in temperature between the two calorimeters 
is read by means of a 60-junction copper-constantan thermel, M, connected 
to a special low-resistance potentiometer, with a Paschen astatic galvanom¬ 
eter as a null instrument. This gives a sensitivity of 1 mm. per micro¬ 
degree. When the pipet P is opened by means of the automatic device F, 
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the heat of dilution is balanced by passing an electric current through one of 
the heaters II, II. The chief advantage of this type of apparatus is the 
reduction of the coefficient of thermal conduction between the calorimeters 
to 0.0011 per minute, whic h is only about one-twenty-fifth that in the Lange- 
type apparatus, 11 where the two calorimeters arc very close together and the 
thermal junctions arc on or near the wall of each calorimeter. 

Figure 4 illustrates the tremendous increase in calorimetric sensitivity 
made in a few years, under the impetus of the Debye-1 Tuckel theory. The 

; ; fci£+13___ best mercury 
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Figure 4 . Thermometer scales. 
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thermometric scale was expanded a thousandfold, from a centigrade degree 
of about three inches for the mercury thermometers of Richards and Rowe, 
to thirteen feet for a platinum resistance thermometer, and six-tenths of a 
mile for Lange’s thousand-junction thermel and high-sensitivity galvanom¬ 
eter, or the sixty-junction thermel and astatic galvanometer of Gucker, 
Pickard, and Planck. 

Limiting Slopes for Nonelectrolytes and Low-Valence Electrolytes in Water 

Before considering the electrolytes, we may examine some measurements, 
summarized in figure 5, on typical nonelectrolytes, made with our micro- 



Figure 5. Relative apparent molal heat contents of nonelectrolytes 

calorimeter. 10 * 18 • 34 In every case, the heat of dilution approaches a linear 
change with the first power of the concentration in dilute solutions, and the 
relative apparent molal heat content can be expressed as a power series in 
the concentration with no square root term. 

The work of Lange and his co-workers, in Munich, and of Robinson and 
his co-workers in this country, established the general relationships for the 
heats of dilution of electrolytes of simple valence type. Figures 6 ,7, and 8 
show the results for 1-1, 1-2, and 2-1 electrolytes, given by Lange and 
Robinson. 11 Their limiting slopes would be reduced by 1% if they had in¬ 
cluded the term | aT in equation 1 . In general, the curves show indi¬ 
viduality at concentrations as low as 0.0005 M , and diverge widely at high 
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Figure 6. Relative apparent molal heat contents of 1-1 salts at 25°C. (Courtesy Chem. Rev., Lange 
& Robinson) 


c 



JFiq. 7. Relative apparent molal heat contents of 2-1 salts at 2S°C 
« Robinson) 


(Courtesy Chem. Rev., Lange 


concentrations. However, by following the dilution to the lowest possible 
concentration, a point is reached below which the results arc linear with 



GUCKER: THERMAL PROPERTIES OF ELECTROLYTES 


687 



Figuee 8. Relative apparent molal heat contents of 1-2 salts at 25°C. (Courtesy Chem. Rev., Lange 
& Robinson) 

the square root of the concentration, within experimental accuracy. Lange 
and Robinson drew a straight line through these points and extrapolated to 
zero concentration to determine the relative apparent heat contents. The 
experimental slopes thus determined did not agree quantitatively with the 
limi ting law. For instance, Gulbransen and Robinson, 12 in a careful series 
of measurements on sodium chloride solutions at 10°, 15°, 20°, and 25° C, found 
limi ting slopes averaging 18 per cent less than the corresponding theoretical 
limiting slopes calculated from equation 1 by Young and Groenier, 15 using 
the data of Wyman 16 for the dielectric constant of water. 

In order to determine whether or not the data of Gulbransen and Robinson 
actually were in conflict with the Debye-Hiickel limiting law, Young and 
Groenier 16 introduced a new method of analyzing the data. Instead of 
plotting the integral heats of dilution, they plotted the values of AH/Am 112 
(or Ac 11 *, if volume concentration is used). These correspond to the chords 
of the heat of dilution curve, or the average value of the slope over the range 
of measurement, which they designate F. If the slope curve can be repre¬ 
sented by a quadratic function of m 112 in the dilute region: 

S = S° + BmW + Cm (4) 

(which holds up to m 112 = 0.64 for NaCl), Young and Groenier showed that 
the difference between the chord F* and the slope Pi at the abscissa mV 2 
corresponding to the midpoint of the chord is: 

Pi - Pi - Cd ]/12 (5) 

where is the change in m i!z during the ** dilution. This gives an equation 
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for the chord: 

P, - S° + Bm™ + C(nu + S\/ 12) (6) 

from which the constants of the slope equation can be evaluated by the 
method of least squares, using the final concentration in each dilution as a 
weighting factor. Young and Groenier thus determined the limiting slopes 
from the data of Gulbransen and Robinson, and found values averaging only 
2.3 per cent above the theoretical slopes, and agreeing well within the un¬ 
certainty of the latter. Table 1 shows a comparison of the two methods of 


Table 1 

Comparison of Limiting Slopes for 4>La vs. m 1 ^ 


°c 

Theory 

Gulbransen 
and Robinson 

A 

Young and 
Groenier 

A 

10 

355 

239 


356 

.3 

15 

39 3 



414 

5.2 

20 

434 



451 

4.0 

25 

477 

418 


476 

-.2 

Av. . 

-u% 


+2.3% 


determining the limiting slopes from the same data, together with the per¬ 
centage difference from the theoretical value, A s 100 (5° — theory)/ 
«S theory* The theoretical slopes differ only slightly from those derived by 
Hamed and Hecker 17 from the same dielectric data. These values, at 5° 
intervals from 0° to 60° C., are also tabulated on page 125 of the excellent 
monograph on electrolytic solutions written by Hamed and Owen. 18 

To illustrate the application of the slope equations in evaluating the relar 
live apparent heat contents of a typical electrolytic solute, we shall consider 
the case of sodium chloride at 25°. Figure 9 shows a plot of the chords of 
the heats of dilution curve, made by Young and Vogel, 19 from the data of 
Wiist and Lange, 20 Lange and Messner, 21 and Lipsett, Johnson, and Maass. 22 
The smooth curve corresponds to the slope which Young and Vogel ob¬ 
tained graphically, before the analytical method of Young and Groenier 
had been developed. This slope curve was integrated to yield the rela¬ 
tive apparent molal heat content curve shown as the solid line in eigure 
10. The points marked $H + C represent the heats of solution determined 
by Wiist and Lange, and Lipsett, Johnson, and Maass, plus an additive con¬ 
stant to make the two curves coincide. These points are displaced vertically 
to correspond with the solid curve, which then gives the extrapolation to 
zero concentration and allows evaluation of the relative apparent molal heat 
contents of sodium chloride in solution, and the relative molal heat content 
of the solid. 

Later, Young and Seligmann 28 investigated all the electrolytes for which 
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Tn 5 '* 


Figure 9. Chord-area plot of Young & VoorL for NaCl at 25°% (Numbers refer to overlapping results* 
Chords determined from heats of dilution are marked D Courtesy J Am Chem Soc. Young & Vogel) 



sufficient dilution data were available. These were the eleven 1-1 electro¬ 
lytes and five 1-2 electrolytes shown in iigtjres 11 and 12. The slope equa- 
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Figure 12. Plots of S vs c 1 '* for 1-2 electrolytes (Origin of each curve lies one division to the right of 
that of its predecessor. Broken line indicates theoretical limit. Courtesy J. Am, Chem. Soc. Young & 
Seligman) 

tions, determined by the method of least squares, are plotted against c 112 and 
compared with the theoretical values, shown by the dashed lines. The 
average agrees with the theoretical within 0.5%, while the deviations average 
d=6.3%. Young and Seligmann concluded that the Debye-Htickel limiting 
law is completely verified for these salts, within the limit of error of the 
experimental data. They therefore used the theoretical limiting slope S° 
and evaluated the constants B and C of equation 4 by means of the method 
of least squares, to get equations for the relative apparent molal heat content; 

$L 2 - S°c l » + \Bc + IC<?» (7) 

which are valid up to about 0.04 molar. 

The chord method of Young and Groenier was modified by Wallace and 
Robinson 24 to make it more readily adaptable to the data obtained by Lange 
and Robinson and their co-workers, who regularly carried out two successive 
dilutions with n moles of solute at concentration 1, first with water to a 
concentration 2, absorbing q x calories of heat, and then with the same volume 
of solution of concentration 2, to a final concentration 3, absorbing q% calories. 
From these data, they calculated and tabulated for the “long-chord” dilu¬ 
tions the heats A22 i_>2 and AHi^z , from which Young and his co-workers had 
calculated the long chords, corresponding to a dilution as large as 148-fold. 
Wallace and Robinson pointed out that the heats of the approximately 2-fold 
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dilution A£r 3 -*2 gave short chords in the dilute region most suitable for the 
determination of the limiting slope. Robinson and Wallace 25 showed that 
the same value was calculated more easily and accurately from the original 
heat effects by means of the equation: 

A U M = (<?i - qz )/(2 - 8)11. ( 8 ) 

Here 8, the ratio of the volumes of the pipet and calorimeter, enters because 
the pipet full of solution of concentration 2 is removed after the first dilution 
and refilled with solution of concentration 1 for the second dilution. Substi¬ 
tuting the numerical value of 5 for their apparatus, these authors used the 
equation: 

Aflf3-*2 = 0.5017 (qi — qz)/n. (9) 

If the value of 8 is not stated, it may be calculated from the initial and final 
volume concentrations, c% and c% , as: 

8 = c%/ (ci — c<z). (10) 

Wallace and Robinson, 24 using a linear equation for the slope in Ihe range 
below 0.005 m , obtained a limiting value for sodium sulfale at 25° which 
differed by only 0.6 per cent from that which Young and Seligmann 23 found 
by applying a quadratic equation to the data for the long chords up to 0.4 m. 

Young and Seligmann found no 1-1 or 2-1 electrolytes at variance with 
the Debye-Hiickel limiting law, although the data on the alkaline earth salts 
were less precise than those shown in figures 8 and 9. Later, Robinson and 
Wallace 26 studied the chlorides, bromides, and iodides of cadmium in aqueous 
solutions at 15 and 25° and found that even these salts, which are known to 
be associated in solutions of usual concentration, give results which agree 
qualitatively at least with the Debye-Hiickel theory at the lowest available 
concentrations. These results show that the Debye-TItickcl limiting law 
correctly describes the change of heat of dilution witli valence type of electro¬ 
lyte and with temperature, for simple salts in aqueous solutions. 

Limiting Slopes for l-l Electrolytes in Other Solvents 

It is interesting, also, to test the theory with other solvents for which the 
dielectric properties are known; but only a few experimental data can be 
correlated in this way. Lange and Robinson 26 studied the heats of dilution 
of potassium chloride in 15% aqueous sucrose solution and in 5% aqueous 
urea solution, and found limiting slopes 3 per cent greater in the former than 
in water, and 12 per cent less in the latter. No recent precise dielectric 
constant data are available for the sucrose solutions, but Wyman 27 measured 
the dielectric constant of solutions of urea from 0° to 50° C. and calculated 
the value of the limiting slope (neglecting the term in a) for a 5% urea solu¬ 
tion at 25° as 440. The coefficient of thermal expansibility of urea solutions 
at 27.5° C. has been calculated by Gucker and Moser 28 and given as a 
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quadratic function of the concentration. Assuming that the other constants 
are the same at 25°, and calculating the value for water as a 0 = 2.554 X 10“ 4 
from the data of the International Critical Tables , we find a = 2.958 X 10 -4 
for a 5% urea solution at 25°. Interpolating Wyman’s results gives 80.96 
for the dielectric constant of the solution, whence the a term reduces the 
limiting slope by 39, giving a theoretical value of 401, compared to 332 deter¬ 
mined by Lange and Robinson. 

We treated the data of Lange and Robinson by the chord method, deter¬ 
mining short chords over three ranges in the dilute region by subtracting 
successive pairs of results from the same initial concentration to two different 
final concentrations, and in the more concentrated region by the difference 
between the values of AH for pairs of experiments from different initial con¬ 
centrations to the same final concentration. The mean error e in measuring 
any value of A H may be considered inversely proportional to the final con¬ 
centration. When several values of AH are combined, E , the mean error in 
the result, is taken as: 29 

E = \/2A (11) 

Using the method of Young and Groenier and equation 6, a least square 
solution of the data was made to determine the best quadratic equation in 
c 1/2 for the slope, taking the reciprocal of the mean error as a weighting factor 
The resulting equation was: 

S = 389 - 978 c 1 ' 2 + 412 c. (12) 

This gave a limiting slope only 3 per cent below the theoretical. A second 
least square solution using the theoretical limiting slope was: 

5 - 401 - 1160 c 1 ' 2 + 925 c. (13) 

This gives for the relative apparent heat content: 

$L 2 - 401 c 1 ' 2 - 580 c + 308 c 3 ' 2 . (14) 

In the upper part of figure 13, we have plotted the centers of the chords 
and the solid line of equation 13, as well as the dashed line of equation 12 
and the value of 332, which Lange and Robinson had estimated as the limit¬ 
ing slope. In the lower part of figure 13, we have plotted equation 14 
with the experimental data, where —AH for each dilution is added to the 
value of #1,2 calculated for the dilute solution. The agreement appears to be 
within experimental error. 

Another example of accurate data in a solvent other than water is the 
heat of dilution of sodium chloride in ethylene glycol at 25°, measured by 
Wallace, Mason, and Robinson. 80 In this solvent, the theoretical limiting 
slope they calculated as 1970 for a 1-1 electrolyte. Using the method of 
Young and Groenier, they found a limiting value of 1580 in a quadratic 
equation for the slope, with a maximum in the slope at m 112 = 0.027. A 
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quadratic equation derived with the theoretical limiting slope fitted the 
results almost as well as the first equation, and they concluded that the 
agreement of theory and experiment was within experimental error. The 
uncertainty was increased by the viscosity of the ethylene glycol, which 
delayed attainment of thermal equilibrium, and its hygroscopic nature, whiih 
caused the absorption of 0.1 to 0.4 per cent moisture. The latter amount, 
they said, would reduce the limiting slope by 1 per cent. The plot of the 
results is shown in jhtgtjrk 14, where the full line representing the least-square 
equation crosses the theoretical slope and approaches it from above. 

Limiting Slopes for High-Valent Saits 

When Young and Scligmann applied their methods to salts of 2 -2 valence 
type, they discovered that the data available in 1937 did not yield limiting 
slopes in agreement with theory. In general, the lowest experimental slopes 
were two or three times the theoretical. However, Young® 1 found some evi¬ 
dence for a maximum in the slope curve of calcium sulfate, and Robinson and 
Wallace,** analyzing the data for the sulfates of calcium, magnesium, cad¬ 
mium, zinc, and copper by their short-chord method, found indications of a 



GUCKER: THERMAL PROPERTIES OF ELECTROLYTES 


69S 



Figure 14. Relative apparent molal heat content of NaCl in ethylene glycol at 25°. (Courtesy J. Am 
Chem. Soc) 

maximum in the slope between 10“ n and 10” 4 M. Although the data did not 
warrant evaluation of the limiting slope, they gave a “strong indication that 
better agreement witli the l)ebye-H\ickel limiting law exists than previously 
reported.” 

In the case of lanthanum chloride and sulfate, however, Nathan, Wallace, 
and Robinson** studied heats of dilution to final concentrations of 6 and 2 X 
IQ" 6 M and found no evidence of an approach to the limiting law. The slopes 
at the lowest observable concentrations, as calculated by least squares, were 
about 0.45 and 17 times the respective limiting slopes required by the 
theory. It is just such unsymmetrical, high-valent electrolytes for which 
the Gronwall, LaMer, and Sandved extension of the Debye-Hiickel theory 
predicts large departures from the limiting law at low concentrations, even 
in a solvent of high dielectric constant like water. 

We can easily show that the heals of dilution of all salts may be studied 
calorimetrically to the same ionic strength, in the region where they obey the 
limiting law of equation 1. For a dilution from concentration d to c n , the 
limiting law shows that: 

All « K&vdiyi* ((O w - (c0«*) (15) 

Here, the constant K depends only on the solvent and temperature. If the 
dilution ratio is fixed, d — kef and: 

All c- K{\ - k'KXXvAy'Kcfyi* (16) 

% 

Also, for any dilution: 

A// - C,AT * 1000A T/tf (17) 

Combining these equations, we find: 

AT * K'ipfyi* (18) 

where K' =» 2 3/1 A'(l — £ 1,S )/10Q0 and 

Thus, the difference in temperature, which limits the calorimetric measure¬ 
ments in dilute solutions, is the same for the same relative dilution of ail salts 
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to the same final ionic strength. if they obey the limiting law. Unfortu¬ 
nately, this relationship no longer holds when the heat content deviates from 
the limiting law, and these deviations occur at lower ionic strengths for 
electrolytes with small, highly-charged ions. 

Perhaps the Dehye-IJiickel second approximation, for ions of finite sue, 
may he useful in extrapolating heats of dilution beyond the limit of experi¬ 
mental investigation, and may explain the data for lanthanum salts. This 
equation is obtained by setting m = l in equation 2. The advantage of its 
use was suggested by Scatcliard and Epstein 31 and by Owen and Hrinkley 36 
at this conference. 

Lange and Streek 36 have attempted to apply the extended equation of 
Oronwall, LaMer, and Sandved 5 and to account for the observed individual¬ 
ity of the curves for heats of dilution of simple electrolytes by different values 
of the a parameter, corresponding theoretically to the distance of closest 
approach of the ions. As shown by the dashed lines of feguris 6, the relat ive 
apparent molal heat content curves fall below the limiting law more rapidly 
for electrolytes of increasing ionic diameters; hence, the experimental curves 
should indicate at least the order of the a values. Usually these values 
parallel the ionic radii in crystals. This is not always the case, but the 
discrepancies might be due to different degrees of hydration in solution. 
Certainly, the a values determined from activity coefficient curves should 
parallel those determined from heats of dilution, if the theory is applied 
correctly in both cases. Lange and Robinson 11 find exactly the reverse to 
be true in most series they have investigated. Saits which liberate most 
heat in the dilute region, and hence have small a values judged calorinietri- 
cally, show high activity coefficients, and hence have large a values judged 
from activities. This is true of the alkali and alkaline earth halides. Lange 
and Robinson concluded that the heats of dilution probably cannot be ex¬ 
plained quantitatively in terms of the a values, even for solutions up to 
0.01 m. 

Above about 0.01 w concentration, the relative apparent molal heal con¬ 
tents of some salts, c.g., sodium iodaie and potassium nitrate, fall off rapidly 
and become negative below 0.1 m, which is hard to explain on the basis of 
reasonable a values. Also, Lange and Robinson found that curves of salts 
with one ion in common cross cacli other in a way which they conclude is 
inexplicable on the basis of the Debye-Hiickel theory. They discuss the 
influence of incomplete dissociation, and the change of a with temperature 
and of dielectric constant with concentration, but find no quantitative rela¬ 
tionships which account for the heats of dilution beyond the region of very 
dilute solutions. 

Specific Heats and Apparent Mold Ileal Capacities 

Within the last twenty-five years, several investigators have measured 
specific heats of solutions to 0.01% or better, using the Joule-Pfaundler twin- 
calorimeter method. Among them are Richards and Gucker, 87 who gave a 
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where nt is the molality of a solute of molecular weight M* , and s is the 
specific heat of the solution relative to water at the same temperature. The 
apparent molal heat capacity can be determined in calorie units by multi¬ 
plying by the heat capacity of water at the experimental temperature. 
Randall and Rossini plotted the apparent molal heat capacity against the 
square root of the molality and found a linear relationship at low concentra¬ 
tions, which often held over a wide range. This confirmed the conclusion 
of Randall and Ramage 40 based on earlier work. Randall and Rossini de¬ 
rived equations connecting the partial molal heat capacities of solute and 
solvent with the apparent molal heat capacity of the solute. They also 
showed that the electrical contribution to the relative partial molal heat 
capacity could be derived from the Debye-Huckel limiting law equation for 
the partial molal free energy by means of the thermodynamic relationship: 

_ q2 

Cp t ~ C* = —T — (ft - Fl)p. (20) 


In carrying out this differentiation, they assumed that the molarity (c) and 
molality (m) were equal, so that the concentration is independent of tem¬ 
perature. Later, LaMer and Cowperthwaite 41 derived the complete equa¬ 
tion: 


n — 3 LA ^3/2 /(A T ) J/2 

C p 2 i-d z%) (JDX)^ C 


( 21 ) 


where the other symbols have the same meaning as they do in equation 1, 
and: 


/(AF,r) = l + 2^ + 5 



+ 2aT 



+ i«r + « r* - 



d *D 
dZ' 5 


2f d ! F 
3 V dP 


( 22 ) 


LaMer and Cowpcrthwaite’s value of f(D, V, T) gives the equation for the 
limiting slope at 25° C.: 

Cp t ~ C’pt ~ 4.69(2)y^) 8/ V /2 cal./deg./mole (23) 


The coef&dcnt is about 16 per cent lower than the value found by Randall 
and Rossini, omitting the volume terms. Harned and Hccker 17 also used 
Wyman’s dielectric constants to calculate values of the limiting slopes at 5° 
intervals from 0° to 60° which are tabulated on page 125 of the monograph 
by Harned and Owen. 15 The value at 25° C. agrees with that of LaMer and 
Cowperthwaite. Unfortunately, the theoretical slope is subject to consider¬ 
able uncertainty in the second temperature derivatives, particularly of the 
dielectric constant. 

The value of the apparent molal heat capacity at infinite dilution, which 
must depend upon ion-solvent effects, is not predicted by the Debye-Hilckel 
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interionic attraction theory. Zwicky 42 has attempted to calculate the effect 
of electrostriction upon the apparent molal heat capacity, but he did not 
explain the actual deviations among electrolytes of the same valence type, 
or the observed change with concentration. A fuller discussion of his theory 
is beyond the scope of this paper, but has been given previously by this 
author. 43 

The work of a number of investigators has confirmed the fact that the 
apparent molal heat capacity varies nearly linearly with the square root of 
the concentration, over a wide range. Thus, Rossini 44 tabulated all avail¬ 
able accurate data on 1-1 electrolytes, and found that they could be repre¬ 
sented by this simple relationship within experimental accuracy, up to con¬ 
centrations of about 2,5 w. The results for lithium chloride at 25° are a 
typical example, 45 shown in figure 16. The average deviation from the 



Figthil 16. Apparent molal heat capacity of Li Cl at 25°C. (Courtesy J. Am. Chem. Soc.) 


straight line: 

%C P2 - —15.63 + 5.25 rf* (24) 

is only ±0.007% in the specific heat. 

The best linear representation of the results for a number of 1-1 and 2-1 
electrolytes is shown in figure 17. The limiting slopes for the apparent 
molal heat capacities arc 2/3 of those calculated from equation 23 for the 
partial molal heat capacities. As pointed out by Randall and Rossini, the 
experimental lines for salts of the same valence type are not all the same. 
Although the 2 *1 electrolytes show steeper curves than the 1-1 electrolytes, 
tine slopes of the experimental lines are two or three times the theoretical 
limiting slopes. If the lines start out with the theoretical slope, therefore, 
they cannot actually be straight up to high concentrations. As pointed out 
by LaMcr and Cowperthwaite, 41 appreciable deviations from the limiting law 
for salts like zinc sulfate may occur at concentrations as low as 0.0005 m f as 
calculated from the second temperature coefficient of the E.M.F. of cells, 
and predicted by the Gronwall, LaMcr, and Sandved extension of the Debye- 
Htickcl theory. 

The values of the apparent molal heat capacity calculated from the best 
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Flams 17. Apparent molal beat capacities of some 1-1 and 2-1 electrolytes at 25'C. (Courtesy Cham. 
Rot.) 

available specific heats become increasingly uncertain as the concentration 
decreases. This is illustrated by the increasing spread of the points in the 
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dilute region in figure 16. The error in the apparent molal heat capacity 
is nearly proportional to the reciprocal of m, as shown in figure 18, so that 
direct measurements of specific heats much below 0.1 m are useless. Better 
values of the apparent molal heat capacity can be obtained from the heats of 
dilution at two temperatures, since these can be measured with about a 
hundred times the thermometric sensitivity of the specific heats. The rela¬ 
tive heat capacities and heat contents are related by the well-known equa¬ 
tion: 

$C PS - *C; 2 = (d$L 2 /dT) P . (25) 

The uncertainty in the limiting slope for the apparent molal heat capacity 
is greater than that for the heat content, because it involves the results of 
two or more extrapolations of the latter quantity. 

In their study of sodium chloride solutions, Young and Machin 46 deter¬ 
mined the slope, d$L 2 /dm 112 , of the apparent relative heat content curves of 
sodium chloride in aqueous solutions of various concentrations at 12.5° and 
25° C. The difference in slope, divided by 12.5°, gives the average value of 
the slope, d$C p Jdm 112 of the apparent molal heat capacity curve at 18,75°, 
shown as the solid line in figure 19, taken from their paper. The open 
circles represent the slopes calculated from the observed chords, applying 



Figure 19 Slope curve for apparent znolal heat capacity of NaCI (Curve, Young & Machin, 12.5-25°; 
dashed line, Rossini, 25°. Courtesy J. Am. Chem. Soc.) 
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the small correction given in equation 5, and the filled circles are derived 
from the slope equations of Young and Groenier. 15 The slope apparently 
changes appreciably with concentration, increasing from a value very nearly 
that predicted by theory, going through a maximum at about 1 m, and then 
decreasing slowly. The dashed line corresponds to the constant slope found' 
by Rossini to fit the data between 18° and 25° C. The deviations are beyond 
the limit of error of the specific heat measurements. The full line of figure 
20 shows the curve for the apparent relative heat capacity obtained by inte- 



Figure 20 Relative apparent molal heat capacity of NaCi. (Curve, Young & Machin; dashed line, 
Rossini. Courtesy J. Am Chem. Soc ) 

grating the slope curve of the preceding figure, compared with the dashed 
curve corresponding to Rossini’s linear extrapolation. The two curves are 
nearly parallel over the range from m 112 = 0.2 to = 1.6 of Randall and 
Rossini’s experiments. The difference of about 1.6 calorie units over this 
range corresponds to the error in the linear extrapolation. 

Robinson and his co-workers have calculated the relative apparent molal 
heat capacities of a number of electrolytes from measurements of heats of 
dilution. For sodium sulfate, Wallace and Robinson 24 found a definite 
change in the slope below 0.04 w, and a limiting value agreeing with theory, 
within the uncertainty in the calculated results. Robinson and Wallace 47 
gave results for cadmium sulfate at several temperatures, which indicated 
qualitative agreement with the theoretical limiting slopes. Later 25 they 
found similar results for the chlorides, bromides, and iodides of cadmium. 
In this case, however, the curves for the apparent molal heat capacities were 
far from linear functions of the square root of the molality at higher concen¬ 
trations. They attributed these complications to association of the ions, 
for which there has been ample evidence from other anomalies of these 
substances. 


Summary 

The Debye-Hiickel interionic attraction theory of electrolytes has influ¬ 
enced profoundly the development of thermochemistry in the last twenty-five 
years. The sensitivity of measuring heats of dilution has been increased 
more than a thousand fold. The microcalorimetric measurements, inter- 
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preted by correct mathematical analysis, have provided one of the most 
striking verifications of the Debye-Huckel theory in the limiting slopes for 
the heats of dilution of strong 1-1, 2-1, and 1-2 electrolytes at different 
temperatures. 

Methods of measuring specific heats of solutions have been improved 
greatly during the same period. The apparent molal heat capacities of 
simple strong electrolytes determined directly from specific heats or from the 
temperature coefficients of heats of dilution, also are found to approach the 
limiting law predicted by the Debye-Huckel theory. 

The individuality of heats of dilution of simple strong electrolytes at all 
but the lowest concentrations, and of high-valence electrolytes even at ex¬ 
treme dilution, awaits a satisfactory explanation. The same is true of the 
nearly-linear relation between the apparent molal heat capacity and the 
square root of the molality, and the actual value of the apparent molal heat 
capacity at infinite dilution. 
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INTERACTIONS BETWEEN VAPORS AND HIGH 
POLYMERS* 


By Malcolm Dole 

Department of Chemistry, Northwestern University , Evanston , Illinois 


Statistical Theories of Sorption Phenomena 

When a solid absorbs or adsorbs vapors, the phenomenon may be treated 
from the standpoint of mixing a liquid with the solid, or of mixing two liquids, 
one of them being in an elastomer above its melting point, or the phenomena 
may be treated from the point of view of the sorption of the vapor on a num¬ 
ber of localized sites within the solid. If the entropy of the solid itself is not 
changed by the sorption, as it would be, of course, if the solid partially dis¬ 
solved in the sorbed vapors, then it seems logical to calculate the free energy 
of mixing solely from the standpoint of sorption of the vapors on a number of 
specific, localized sites. Other necessary assumptions are that the sorbed 
gas is immobile, that the number of sorption sites, N a > does not change with 
the amount of material sorbed (probably not strictly true), that a thermo¬ 
dynamic equilibrium exists between the sorbed molecules and the molecules 
in the vapor state, and that there is no interaction between the sorbed 
molecules. 

Making use of these assumptions and the statistical methods of Fowler 
and Guggenheim, 1 Cassie, 2 and Hill, 3 the author 4 derived the following gen¬ 
eral sorption isotherm 


N 

n b a ’ 


a) 


where N is the number of moles of vapor sorbed per unit of adsorbent, N a is 
the number of moles of sorption sites per unit of adsorbent, a is the relative 
vapor pressure or activity of the vapor being sorbed, $>' the first derivative of 
$ with respect to a , and # is given by the series 

$ = 1 + cia + ever a 2 + cycrCra* + ••• (2) 

The constants c\ , Ci , etc., are the ratio of the internal partition functions 
of the sorbed molecules in the first, second, etc., layers to that in the pure 
liquid. If a linear harmonic oscillator model is assumed both for the sorbed 
and liquid states, and if it is assumed that the sorbed molecules no longer 
have the communal entropy of the pure liquid (this assumption will become 
less true, the greater the sorption), then the constant c \, for example, will be 
given by the expression 

Cl « (V ) 8 & . A . (3) 


* This work is part of a general program of study of the thermodynamics of high polymers, for which 
grants have been gratefully received from E. I. DuPont dc Nemours and Company, the Research Corpora¬ 
tion (Frederick Gardner Cottrell Grant), the Richardson Company, and the Visking Corporation. 
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where v L and v\ represent the vibration frequencies of the molecule as a whole 
for the pure liquid and sorbed states, respectively. The symbol Q stands 
for internal molecular vibrational and rotational contributions to the parti¬ 
tion function; 1 je represents the communal entropy contribution, while fa — 
is the heat of sorption less the heat of condensation at the absolute zero, 
the sign of fa — fa being negative for a large evolution of heat on sorption of 
the vapors. 

At this point, it should be noted that, from the BET 5 constant c, the heat 
of sorption in the first layer has often been calculated, the equation 

= -RT In Ci (4) 

being used. The statistical analysis shows that such a treatment is not 
correct; a better approximation is to assume that all the terms of equation 
3 are independent of the temperature except the exponential. If the change 
of c with temperature is known, the quantity fa — fa could then be calcu¬ 
lated from the derivative 

9 In ci __ fa — fa , , 

dT RT* ’ W 


However, fa — fa is still not identical with AHi , unless the variation in 
fa — fa from the absolute zero to the temperature in question is neglected. 

In the case of the sorption of water by collagen, the initial net heat of sorp¬ 
tion (sometimes called the heat of swelling) is equal to —6600 cal./mole. 6 
Bull 7 gives the following values of c x for collagen: 

ci at 25° C. = 22.4 

ci at 40° C. « 13.1 

from which fa — fa can be calculated from equation 5 (after integrating 
between 25° and 40° C.) to be —6636 cal./mole, a remarkable agreement. 
However, in the case of other substances such as drawn nylon, there is no 
agreement at all (the sign even comes out wrong!). Obviously, at the present 
time it is not possible to calculate the heat of sorption from the constant c x 
with any degree of assurance that the answer is even qualitatively correct. 

If the ci constants of Equation 2 are all unity (the simplest assumption), 
and if the number of layers is infinite, equation 1 reduces to 

JL = _!_£L (/c\ 

N N 9 NS W 

which can be considered as Raoult’s law, taking the solution to be that of N 
molecules of the solvent distributed among N a sites. 

If the ci constants of equation 2 are equal to some constant k less than 
unity, equation 1 reduces to (for an infinite number of layers) 

ala 
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If the Ci constant for the first layer is finite and the constants for the other 
layers all zero (no sorption beyond the first layer), Langmuir’s equation 
results: 


N aN, ^ N e m 


( 8 ) 


If the ci constants are unity for all layers except the first, the well-known 
BET 6 equation for multi-layer sorption is obtained: 


1 . Ci — 1 a 

N( 1 - a) aN . ^ ”7T“ * W; 

If the Ci constants decrease harmonically, that is to say, if 

c% — l/2ci , c 3 = l/3ci, etc., 

a _ 1 

N ciN\ 


(9) 


( 10 ) 


in other words, a linear sorption isotherm is obtained. It should be noted 
that this is true even for the case of multi-layer sorption. 

In the application of the above equations to the experimental data (see 
u Applications”), we shall find it convenient to plot the function a/N against 
a , inasmuch as if the data follow the Langmuir equation, a straight line will 
be obtained having a positive slope equal to 1/N 8 ; if the data follow Raoult’s 
law, a straight line will again be observed, but with negative slope equal to 
l/Nv ; if the modified Raoult’s law, equation 7, is followed, a/N will extrapo¬ 
late to a finite value at a equal to unity; and, finally, if a/N is constant, the 
validity of a linear sorption isotherm is demonstrated. 

Barrer 8 has suggested that an adsorption isotherm be constructed by com¬ 
bining an equation for the entropy of mixing derived by Miller 9 with a heat 
term obtaining in the simplest case 


i>o 




- 


>h 


(kT\ m 1 

\2irm) 


7* 


yff/RT 


(ii) 


where vq is the volume fraction of the solvent, v r the volume fraction of the 
solid, z a coordination number, n the number of segments per polymer mole¬ 
cule, ni the number of molecules per ml. in the gas, and the other quantities 
have their usual meanings. We have attempted to apply this equation to 
the sorption of water by polyvinyl alcohol without success. 

White and Eyring 10 have recently reviewed the subject of the sorption of 
water by “swelling high polymeric materials.” In essence, their treatment 
consists in adding a third variable constant to the BET equation to allow 
for the entropy of swelling. Inasmuch as it is not possible to estimate the 
magnitude of this term for most of the polymers to be discussed, we shall 
not consider further the sorption isotherm of White and Eyring. 
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Figure 1. 


Application to Some Typical Systems 

Water—Sulfuric Acid . Figure 1 illustrates the sorption of water by sul¬ 
furic acid plotted according to the a/N function. Here, N is the concentra¬ 
tion of water in the sulfuric acid calculated in terms of moles of water per 
mole of sulfuric acid and a is the activity of the water. At low concentra¬ 
tions of water, the Langmuir equation (8) is approximated with N a equal to 
3 moles of sorption sites per mole of sulfuric acid. At high water concentra¬ 
tions, the linear function demanded by Raoult’s law, equation 6, is also 
approximated with N 4 again equal to 3. If the data were plotted in accord¬ 
ance with the linear BET function a/(N( 1 — a )), fair agreement with a 
straight line would be obtained at the lowest concentrations with N b equal 
to 3.8. 

Water — Collagen. In figure 2, we have plotted the a/N function for the 
water sorption by a typical protein, collagen. In this case, N is the number of 
moles of water per 100 g. of collagen, the data being those of Bull. 7 From 
the low activity end of the curve, A\ is calculated to be 0.56 moles of sorption 



Figure 2, 
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sites per 100 g. of protein, while the BET function, figure 3, extrapolates to 
N> equal to 0.53 in satisfactory agreement with the calculation based on 



Figuxe 3. 


Langmuir’s equation. As the water sorption by collagen is not infinite, a/N 
does not go to zero at a equal to unity but extrapolates to a value slightly 
less than 0.3. It would be interesting to have water sorption values at water 
activities between 0.95 and unity in order to determine, more accurately than 
is done in figure 2, the slope of the a/N function in the region where the 
modified Raoult’s law, equation 7, becomes more valid. If the slope were 
known accurately here, it might be possible to answer, at least tentatively, the 
question with respect to the constancy of N s over the whole sorption range. 

Because of the limited sorption of water by collagen, it is reasonable to 
apply the limited layer BET equation, which, put into linear form, is 


JV(1 - a) 


fl - (» + 1 )a n + na nH ] + 


a n » 

N, 



( 12 ) 


The crosses of figure 3 are values calculated from the left side of equation 
12, which should be proportional to a , taking n equal to 7 and 1/N a equal to 
1.86. Satisfactory agreement with a linear relation is seen to exist up to a = 
0.8. Furthermore, if a/N , figure 2, is extrapolated to a equal to unity to 
obtain the saturation value of N, 3.5 moles of water per 100 g. of collagen 
results. Dividing 3.5 by 0.53, we obtain 6.6, which agrees with 7 within the 
uncertainties of the extrapolation to a equal to unity. 

Another test of the validity of applying the BET equation to collagen is 
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to consider the heat involved in the sorption. According to the chief postu¬ 
late of the BET theory, the entire heat of sorption should be that of the 
sorption on the first layer. Dole and McLaren 6 have estimated the partial 
molal net heat of sorption (sometimes called the heat of swelling) for the first 
water to be sorbed by collagen to be —6600 cal./mole, and the total heat of 
sorption up to saturation to be —4140 cal./mole. Multiplying —6600 by 
0.S3, the number of moles of water sorbed in the first layer per 100 g. of 
collagen, we obtain —3500. Thus, about 85 per cent of the total heat of 
sorption is accounted for by the sorption in the first layer. 

Water—Polyvinyl Alcohol . Inasmuch as polyvinyl alcohol dissolves in 
water, one should expect the water sorption phenomenon here to be different 
from that of collagen, as, indeed, turns out to be the case. A plot of a/N 
versus a reveals (figure 4) that a/N is constant up to 30 per cent relative 



Figure 4 

humidity and then gradually declines to zero. Over no range of values is 
the BET equation (9) valid (figure 5). Introducing the parameter n into 



the limited layer BET equation (12) fails to bring about any improvement 
between the data and the BET theory (crosses calculated for n = 10). The 
polyvinyl alcohol data are those of Hauser and McLaren. 11 
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Water—Nylon . Both drawn and undrawn nylon sorb water in much the 
same manner as collagen, but the a/N — a curves (figure 6) seem to be 
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somewhat flatter at intermediate a values. Again the sorption is limited, 
with the slopes of the a/N — a curves smaller at high values of a than at low. 
In figure 6, the N values are calculated in terms of moles per mole of car¬ 
bonyl group in the nylon. N 8 calculated from the slopes of the curve turns 
out to be approximately 0.1, which means that only one out of every ten 
polar groups—peptide bonds—in the nylon are able to sorb water. This 
seems to be a general phenomenon among polymers of this type. Probably 
the high crystallinity of the nylon accounts for the relatively small number 
of sorption sites. We hope to discuss this problem further in a later publica¬ 
tion, in which data for the sorption of water by a number of isobutylated 6-10 
nylons will be presented. 

Sorption of Vapors by Rubber Hydrocarbons 
Acetone—Rubber . Figure 7 illustrates data for the sorption of acetone 



by rubber, in which N is calculated as the moles of acetone sorbed per mole 
of isoprene unit in the rubber plotted according to the Langmuir-Raoult’s 
Law relation, a/N, as a linear function of a . The data, which are those of 
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Lens, 12 are not extensive enough at low activities of the acetone to enable the 
curve to be drawn in this concentration range. The one point at a equal to 
0.23 suggests that the complete curve in this case would pass through a maxi¬ 
mum, similarly to the curves for nylon, collagen, and many other water sorp¬ 
tion systems. An unusual feature of the acetone-rubber curve is the long 
linear portion at high values of the activity of the acetone. It appears that 
such behavior is characteristic of the sorption of organic vapors by rubber. 

Toluene — Rubber . The data of Meyer, Wolff, and Boissonnas 18 for the 
sorption of toluene by rubber (figure 8) also follow the linear relation be¬ 



tween a/N and a over a wide range of activities from a = 0.2 to a = 0.95. 
Above this activity, the data deviate from this relationship, as is shown by 
the fact that rubber hydrocarbons dissolve in toluene (a/N going to zero at 
a equal to unity). The data for the rubber-toluene system can best be 
understood in relation to the rubber-benzene data. 

Benzejie — Rubber . Gee and Treloar 14 have made an extensive study of the 
benzene-rubber system, from which they have calculated and tabulated the 
partial molal free energy, heat, and entropy of the benzene at different weight 
fractions of the benzene at 25° C. From these data, it is possible to calculate 
a/N and a, which we have done and plotted in figure 9. The sorption of 
benzene by rubber can then be seen to agree with the modified Raoult’s law, 
equation 7, over a very extensive activity range, from zero activity up to 
0.8 activity of the benzene. In this treatment, we have calculated N in 
terms of moles of benzene per mole of isoprene unit in the rubber. 18 

From the slope of the straight line and from this intercept at a equal to 
unity, it is possible to calculate the constants of the equation, N, and k. In 
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table 1 , we have collected values of these constants for the sorption of ace¬ 
tone, toluene, and benzene by rubber. 

It is very interesting to note that the constants k, for the different vapors, 
are much more alike than are the N a values. In the case of benzene, a N a 
value of 0.24 means that, on the average, there is only one sorption site for 
a benzene molecule per four isoprene units in the rubber. In the case of 
toluene, five isoprene units are required to accomodate one toluene molecule 
according to this theoretical method of analysis. It is not difficult to con¬ 
ceive of each benzene or toluene molecule as surrounded by four or five 
repeating units in the rubber. If the data for toluene are plotted according 
to the BET function, a rough estimate of N a can be made from the data at 
the three lowest concentrations of toluene in the rubber (see figure 8) ; the 
value 0.12 for iV, results, which is the same order of magnitude as that given 
in table 1. 


Table 1 

Constants op Equation 7 


Vapor 

N, 

k 

Acetone 

0.082 

0.75 

Toluene 

0.18 

0.86 

Benzene 

0.24 

0.80 


In order to calculate the partial molal entropy of benzene in the rubber- 
benzene mixt ures, it is necessary to know the relative partial molal heat 
content, Affi . Gee and Treloar 14 listed exact values in terms of calories per 
gram of benzene as a function of the weight fraction of benzene in the rubber, 
from which we have calculated AE \. On plotting these data of Gee and 
Treloar as a function of the activity of the benzene* (figure 10, solid line), 
we were surprised to find that Affi decreased linearly with a . However, the 
more recent data of Gee and Orr 16 do not follow this simple relationship, their 

* Throughout this paper, we have assumed that the partial vapor pressure ratio, p/p9, is equal to the 
activity of the vapors concerned. 
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results being shown in figure 10 by the dotted line (as estimated by us from 
the AEo/vl function plotted by Gee and Orr)._ 

h Inasmuch as the partial molal free energy, AF 1 , of the benzene is given by 
the expression 

AFi = RT In a (13) 


we can derive an equation for AFi valid up to a equal to 0.8 by solving 
equation 7 for a 7 i.e., 


N 

° k(N + N .) 


(14) 


thus 


- RT In , T y - T — RT In k. 
N + N, 


(15) 


If we accept the original data of Gee and Treloar as being more correct than 
those of Gee and Orr (though there is no justification for this procedure), we 
can write the following equation for the partial molal heat of mixing, 

AEi = k' T (1 — a) (16) 

and by combining equations 16 and IS, we obtain an equation for the 
entropy 

ASl = R In + R In k + k'(\ - a). (17) 

Equation 17 tells us that, if J? In (IV + N,)/N with N s equal to 0.24 is sub¬ 
tracted from Gee and Treloar’s tabulated values of A Si , the resulting 
residual entropy should^be a linear function of a up to a equal 0.8. Figure 
11 illustrates this relationship, circles and solid line. The new data of Gee 
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Figure ll. 


and Orr are shown by the dotted line. Until the uncertainty concerning the 
partial molal heat of mixing is overcome, we cannot be sure of the correct 
function for the partial molal entropy of mixing benzene and rubber. 

The constant negative entropy term, R In k, which has the value 0.44, 
might possibly be explained in terms of the decrease in entropy due to swell¬ 
ing as recently discussed by White and Eyring, 10 provided, of course, that 
the entropy of swelling per mole of added benzene is constant (White and 
Eyring’s equation gives the free energy of swelling as a function of the volume 
fraction). We have been unable, as yet, to interpret the constant term 
R In & quantitatively from this point of view. 

It is interesting to compare equation 17 with the equation for the entropy 
of mixing benzene and rubber as derived by Huggins, 16 Flory, 17 and others 
which is (in its simplest form) 

a-i[ h '+*+ B ^ t .(i-i)] (18 , 

where Nt is the moles of rubber molecules mixed with N moles of benzene 
and a is the number of segments per single rubber molecule. If we identify 
zN» with N, , which would be true only approximately, there are certain 
similar ities between equations 18 and 17. Or, if our equation for the activ¬ 
ity of the benzene 

In a = In ^ w - — In k (19) 

N + N, 

is compared with that of Huggins 18 

In a = In v\ + (1 — Vi/Vi)vt + Hivt, 


( 20 ) 
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where Vi and v 2 are the volume fractions of the benzene and rubber, respec¬ 
tively, Vi and V 2 are the molal volumes of the pure components and ju is a 
heat of mixing constant, we see again a certain similarity. At low concen¬ 
trations of benzene, V 2 becomes nearly equal to unity, and equations 20 and 
19 become more nearly alike; however, in the case of toluene, where equa¬ 
tion 19 is valid up to an activity of toluene equal to 0.95, v 2 approximately 
0.5, it is hard to see how the statistical theories of Flory and Huggins can be 
reconciled with the treatment of this paper. We are open-minded at the 
present time, however, as to the relative significance of the two points of 
view. 

Sorption of Water by Isobutylated Polyamides 

Thanks to the courtesy of the E. I. DuPont de Nemours and Company in 
supplying us with samples of substituted and unsubstituted polyhexa- 
methylene sebacamides, we have been able to study the sorption of water as 
a function of 2V-isobutylation. While most of the results will be reserved 
for a later publication,* we wish to discuss here the sorption of water by the 
polymer which has, on the average, the following repeating unit: 


—N—(CHj) 6 —N-C—(CH 2 ) 8 -C— 


H C4H9 O O 


Data for sorption at 40° are plotted in figure 12 according to the a/N func- 



Figube 12. 

tion; it can be seen at once that the long linear portion from the activity of 
of the water equal to 0.3 up to a equal to 0.9S is more characteristic of the 
sorption of organic vapor by rubber than of the sorption of water by pro¬ 
teins, nylon, etc. This polymer has a rather low melting point of about 
75° C. When water is sorbed, the material becomes somewhat fluid, although 
quite viscous. Apparently, the polymer partially melts or dissolves in the 

* Data obtained by Miss I. L. Falter, 
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sorbed water. If the data are plotted according to the BET function 
(figure 13), good agreement results, particularly if the limited layer BET 



equation is used with N equal to seven. However, seven seems to be too 
many layers, as judged by the limiting value of a/N when a goes to unity 
(figure 12). If the BET value of N e is assumed (0.13), and if this is multi¬ 
plied by seven, one would expect about 0.91 moles of water sorbed per mole 
of carbonyl group at saturation. Actually, the data seem to extrapolate to 
0.54 moles at saturation. 

There is very poor agreement between the values of N s as calculated from 
the BET equation and from the limiting slopes of figure 12. The Lang¬ 
muir sorption curve gives N k equal to 0.44 (almost one water molecule per 
unsubstituted imino group), while the modified Raoult’s law curve suggests 
0.78 for N 8 (almost one water molecule per carbonyl group). This is a 
rather meaningless result, as there are apparently only 0.54 moles of water 
per carbonyl even at saturation. 

Experiments on the sorption of water at different temperatures from 
which the heats of sorption can be calculated are now under way. When 
they have been completed, the water sorption data for the isobutylated 6-10 
nylons will be published in full. 
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THE SCIENTIFIC CONTRIBUTIONS OF 
GRINNELL JONES* 

By Malcolm Dole 

Department of Chemistry, Northwestern University, Evanston , Illinois 
Introduction 

It is a very great privilege and pleasure to describe the scientific contribu¬ 
tions of Grinnell Jones, Professor of Chemistry at Harvard University from 
1912 until his sudden death on June 23, 1947. Above all, Jones had a 
deep and abiding interest in his students. He gave them every opportunity 
to discuss with him all their problems, both scientific and personal, and he 
became essentially a father to them all. The warmth of his personality 
melted away any “ice curtain” that might have existed between him and a 
timid student. He was always tremendously interested in and enthusiastic 
for any new idea which one of his students may have had, and he encouraged 
his students to think along original lines. 

The highest scientific ideals, which were his by inheritance and environ¬ 
ment, governed Jones's scientific work and thought and were imparted by 
him to his many devoted students. Before reviewing his scientific contribu¬ 
tions, let us consider the influences which tended to mold his scientific 
thinking and work. 

Influences in Jones's Life 

The scholarly and academic tradition was strong in Jones's family. 
His paternal grandfather, John A. Jones, who married Ann Davis, a school 
teacher's daughter, became in 1852 a Congregational minister in Berlin, 
Wisconsin. Jones's father, Richard D. Jones, was a Professor of English 
Literature, successively, at Syracuse and Vanderbilt Universities and Tufts 
College. His maternal grandfather, J. B. Grinnell, founded Grinnell Col¬ 
lege in Iowa. As a boy of seven, Jones was taken to Germany while his 
father was on a sabbatical leave, and there he acquired a fundamental 
knowledge of and feeling for the German language which was to be of great 
help to him in his later scientific career. 

Jones graduated summa cum laude from Vanderbilt University at the 
youthful age of nineteen and, after a year as a graduate assistant in both 
mathematics and chemistry, entered the Harvard Graduate School in the 
fall of 1904. Jones liked mathematics as well as chemistry, and he once 
confided to me that had his mathematics teachers at Vanderbilt been able 
to inspire in him a feeling of the future importance of mathematics, he might 
have been a mathematician. Jones's ability to handle difficult mathe¬ 
matical treatments stood him in good stead in his unravelling of the mys¬ 
teries of the Debye-Hiickel theory of strong electrolytes when this was first 
published in 1923. 

♦The publication of the portrait of Giinnell Jones has been made possible through the generosity of a 
number or his former students 
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There is no doubt that Harvard's great physical chemist, T. W. Richards, 
was the most important single influence on Jones's scientific work. In 1904, 
when Jones arrived in Cambridge, a young, impressionable youth of twenty, 
Richards was at the height of his distinguished career. Not only had he at 
that time become the world's leading authority on atomic weights, he 
had also begun the study of atomic and molecular volumes and other asso¬ 
ciated physical properties. Jones threw himself with enthusiastic vigor 
into Richards's research program, determining the atomic weight of sulfur 
and measuring the compressibility of a number of halides of sodium, potas¬ 
sium, silver, and thallium. From Richards, Jones not only acquired the 
detailed attention to the elimination of experimental errors for which 
Richards was famous, he also absorbed much of his great scientific idealism. 
The striking similarity between the experimental thinking of Jones and 
Richards can be seen by reading, for example, the paper of Jones, Taylor, 
and Vogel published in March, 1948, and comparing its style and treatment 
of details with the papers on surface tension measurement written by 
Richards and Coombs, and by Richards and Carver, years before. 

It is interesting to note that, because of the interrupting effect of the 
First World War and of his important work as the Chief Chemist of the 
U. S. Tariff Commission, Jones's purely scientific contributions were not 
made in any volume until after 1924, when he was forty years old. In 
fact, his scientific life “began at forty.” That Jones was able to approach 
the problems he then encountered with an almost boyish enthusiasm can be 
traced, in part, to his interest in students and in athletics. As a college 
student, he was captain of the Vanderbilt University track team, and for 
many years held the Southern Intercollegiate record of 50f seconds for the 
440-yard dash. He never lost this interest in sports, which had the effect, 
I believe, of helping to maintain his youthful spirit right up to the last days 
of his life. Furthermore, because of his interest in his students and because 
of his receptiveness to their suggestions, Jones's thoughts were continually 
being refreshed by the ideas of young people. He had a positive personality; 
that is to say, he never discouraged his students from thinking with origi¬ 
nality but, on the contrary, he supported and promoted any good ideas 
which came to him, thus greatly stimulating his students and encouraging 
further suggestions on their part. 

Contributions of Jones to Experimental Techniques 

Jones's first great paper was entitled, The Measurement of the Conductance 
of Electrolytes /. An Experimental and Theoretical Study of the Principles 
of Design of the Wheatstone Bridge for Use with Alternating Currents and an 
Improved Form of Direct-Reading Alternating Current Bridge . Occupying 
over forty-nine pages of the Journal of the American Chemical Society, at 
a time when publication space was severely limited, this paper marked a 
turning point in the science of conductance measurements. With his able 
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student, Roswell Colt Josephs, Jones applied new electronic amplifiers and 
oscillators to this work. He and Josephs discovered errors inherent in the 
design of resistance boxes, in the method of grounding the bridge, in the use 
of helical slide wires, in unused but appended resistance coils, and in methods 
of shielding. They designed a new equal ratio arm bridge, sensitive to one 
part in a million, new resistance boxes, and a new method of grounding which 
increased the accuracy of the Wheatstone bridge to a point where it can now 
be said that uncertainties in the atomic weights of elements are such that 
solution concentrations cannot be known with any more accuracy than their 
conductance can be measured. In other words, there is little incentive for 
further bridge refinements. The “Jones Bridge” is now manufactured and 
sold by the Leeds and Northrup Company. 

Following this initial distinguished paper, a whole series on conductance 
techniques, numbering nine in all, appeared during the years 1928-1940. 
Paper II concerned refinements in the oscillator and detector, while Paper III 
was on the design of cells. Despite the accuracy with which resistance 
measurements could be made, the cell constant of the conductance cells, 
which theoretically is independent of the electrolyte used in the cell, appeared 
to vary as much as 0.33 per cent in certain cases, as Parker 1 had discovered. 
This effect, known as the “Parker Effect,” had baffled electrochemists for a 
number of years. Jones discovered that the error was due to a capacitative 
shunt between the electrical leads to the cell and the filling tube, and sug¬ 
gested methods of designing cells so as to overcome this error. His mathe¬ 
matical analysis of the effect left no doubt that adsorption on the electrodes 
was not the cause, as had been previously suggested. 

Paper IV contained a study of the validity of Ohm’s Law, while Paper V, 
on a new method of determining the absolute conductance of potassium 
chloride solutions, was another long and important paper. Here, the suc¬ 
cessful idea was to fill a cell with mercury, the material used as the basis 
for the international definition of the ohm, measure the resistance, then 
fill the cell with sulfuric acid solutions whose conductance could then be 
compared to that of the standard potassium chloride solution. In addition 
to the first paper on this subject, with B. C. Bradshaw, published in 1933, 
a second paper, with M. J. Prcndergast, No. VIII of the series, appeared in 
1937. These new conductance values of Jones are now the standard for the 
world. With S. M. Christian and Dorothy M. Bollinger, Jones studied 
polarization resistance and polarization capacitance, Paper VI, and the 
effect of platinization of the electrodes on these properties, Paper VH. His 
last paper in this series, No. IX, referred to the use of a cathode-ray oscillo¬ 
graph as the detector for the alternating current balance in bridge 
measurements. 

Another important series of papers by Jones and co-workers is to be found 
in the field of the viscosity of solutions. With S. K. Talley, Jones invented 
a new photoelectric method for automatically timing the liquid flow in 
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Ostwald viscometers, which was accurate to 0.01 sec. Previously, attempts 
to measure the rate of flow were based upon human observation and switch 
manipulations which, at best, could be reproducible to only about 0.06 to 
0.1 sec. By eliminating psychological errors, Jones obtained data on the 
viscosity of a number of electrolytes which are unsurpassed. He also in¬ 
vestigated the possible influence of surface tension and surface drainage 
upon viscosity measurements. 

With W. A. Ray, Jones constructed a new differential tensiometer for 
the accurate measurement of the relative surface tension of strong electro¬ 
lytes in order to test the validity of the Debye-Hiickel theory in this realm. 
His idea was to bring the surface of the liquid in the capillary tube always to 
the same point and to measure the differences in the height of rise by weigh¬ 
ing the amount of solution required in the side vessel to bring the liquid to 
the desired point in the capillary tube. By using carefully constructed all¬ 
quartz apparatus, Jones and Ray were able to measure surface tension with 
the amazing relative sensitivity of 0.001 per cent. This work led to the 
discovery of the “Jones-Ray Effect” discussed later and to the compilation 
of many accurate surface tension values. 

Other inventions of Jones in the field of experimental techniques include 
an “equilibrator,” a device for bringing two separate liquids to equilibrium 
with respect to the same vapor phase, invented in 1928; a new dilatometer 
(1935) which employed the unique principle of being its own thermal regu¬ 
lator; and an improved apparatus for the measurement of interfacial poten¬ 
tials at the interface between vitreous silica and aqueous solutions (1945). 

Theoretical Contributions of Jones 

The first paper to be published by Jones after obtaining his Ph.D. was 
entitled An Explanation of the Negative Coefficient of Expansion of Silver 
Iodide , in which he showed that a free energy of formation of silver iodide 
which increased with temperature was fundamentally responsible for the 
unique property of silver iodide to contract on heating. 

In 1929, Jones published a paper on the transference number of barium 
in barium chloride solutions, in which he applied a mathematical equation 
to the description of the results, this equation being one of the first in the 
field of transference numbers. Also in 1929 came perhaps his most impor¬ 
tant theoretical work, the application of the ideas of Debye and Htickel 
to the new field of viscosity of strong electrolytes. Jones showed that a 
square root term existed in the viscosity equation for salt solutions, a term 
for which Falkenhagen and Dole 2 and Falkenhagen and Vernon 8 later sup¬ 
plied the mathematical theory. Furthermore, Jones and Dole were able 
to predict that the viscosity of potassium chloride solutions, for example, 
which is less than that of water at moderate concentrations, must become 
greater than the viscosity of water at very low concentrations. This maxi¬ 
mum in the viscosity-concentration curve had never been observed, but the 
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English workers, Joy and Wolfenden, 4 and others, soon verified the predic¬ 
tion. The viscosity data obtained by Jones and his co-workers have veri¬ 
fied brilliantly the major postulates of the modern theory of strong 
electrolytes. 

In 1935, Jones and Ray unexpectedly discovered a minimum in the surface 
tension-concentration curve of all strong electrolytes, as measured by their 
new quartz tensiometer. Amounting only to a 0.02 per cent decrease in 
surface tension, it was thought by Langmuir 5 to be a zeta-potential effect. 
Langmuir suggested that the initial decrease in surface tension, which 
violated the predictions of the Debye-Hiickel theory, resulted from a disap¬ 
pearance on adding electrolyte of a surface film held on the quartz by zeta- 
potential forces. To test this explanation of Langmuir’s, accurate zeta- 
potential values were required, a need which led Jones and Wood to the 
development of the refined zeta-potential apparatus mentioned previously. 
Although some of the consequences of Langmuir’s theory seem to be fulfilled, 
further work in this field may lead to new light on the important subject of 
interfacial potentials. 

On looking over the many highly accurate and unsurpassed data in the 
field of electrical conductances, viscosity, surface tension, and expansibilities 
of solutions of electrolytes, one realizes that Jones’s results will be a mine 
in which the theoricians may dig with great profit and understanding for 
many years to come. 

In conclusion, it should be pointed out that Grinnell Jones’s inventiveness 
was not limited entirely to strictly scientific research problems. In the 
field of practical inventions, he devised, first, a new type of silver polish; 
second, a method of impregnating cloth with silver nitrate so that the cloth 
would protect silverware wrapped within it from tarnishing; and, third, a 
new type of fire-resistant paint. Used exclusively by the Army during the 
last World War, this new anti-fire paint can now be applied by the general 
public for the protection against fire of all wooden structures. The future 
saving to the country may be immense. 
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PRESSURE-VOLUME-TEMPERATURE RELATIONS 
IN SOLUTIONS VIII. THE BEHAVIOR OF SOME 
SOLUTIONS OF ELECTROLYTES IN WATER 


By R. E. Gibson* and 0 . H. LoEFFLERf 

Geophysical Laboratory , Carnegie Institution of Washington, Washington , D. C. 

Introduction . A completely satisfactory theory of molecular interaction 
as applied to solutions should enable us to predict with certainty at any 
temperature, pressure, and composition the thermodynamic properties of a 
solution from a knowledge of definable macroscopic or microscopic properties 
of the pure components. This is the long range objective of the study of 
molecular interaction in solutions and requires a knowledge not only of the 
molecules and the forces between them but also of the distribution functions 
and other quantities needed in any statistical treatment. Up to jthe present 
time, the theory of liquids and liquid solutions has been in such an unde¬ 
veloped state that fruitful attacks could be made only on more limited 
objectives; and empirical work on the effect of one of the variables, pressure, 
temperature, or concentration on specific properties such as volume, chemical 
potential, etc., has been in order. Even now, in the case of the most thor¬ 
oughly investigated systems, namely, solutions of electrolytes in water, the 
theory extends little beyond an exact formulation of the limiting laws and 
second approximations thereto, and the experimental data available do not 
cover a wide range of conditions. 

Nearly ten years ago, we undertook a systematic study of the volume 
changes in electrolytic solutions over a considerable range of concentration, 
pressure, and temperature in order to accumulate data for a broader con¬ 
sideration of the effects of molecular interaction on volume changes in these 
systems. This work was part of a study of the effect of pressure and tem¬ 
perature on the solubility of inorganic substances in water and, therefore, 
emphasized the more concentrated solutions. Little attention was paid to 
very dilute solutions, which are adequately treated in other papers presented 
at this conference. Solutions of sodium bromide, sodium chloride , and lithium 
bromide , covering the whole range of concentration, were examined between 
25° and 85 ° and over the pressure range of 1 to 1,000 bars. The results are 
complicated and a condensed presentation of them does not introduce simpli¬ 
fication. However, an attempt will be made in this paper to su mmari ze in 
a usable form the results for sodium bromide and sodium chloride in water 
and to indicate some of the more obvious significant conclusions that may 
be drawn from the data. In order to clarify the results obtained for the 
water solutions, reference will be made, first, to similar measurements on a 
simpler binary system, namely sodium bromide dissolved in ethylene glycol, 

* Present address: Applied Physies Laboratory, The Johns Hopkins University, Silver Spring, Maryland. 

t Present address: Bureau of Ordnance, U. S. Navy, Washington, D. C. 
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and to the behavior of pure liquids under changes of pressure and 
temperature. 

Experimental and Derived Quantities . The primary experimental data 
consist of accurate measurements of the specific volumes of the solutions at 
25° and 1 atmosphere, the expansions from 25° to a series of temperatures 
separated by 10° intervals up to 85°, and the compressions from 1 bar to 500 
and 1000 bars at the same temperatures. The techniques employed for these 
measurements of specific volumes, 1 expansions, 2 and compressions 8 have al¬ 
ready been described. 

Volume-Temperature Relations . Every effort was made to express the 
thermal expansions as functions of temperature by equations which fitted the 
data over a wide range of temperature with sufficient accuracy to insure that 
the temperature coefficients (thermal expansibilities) computed from the 
equations were as good as the original measurements permitted. In general, 
a cubic equation of the form 

= »25 + a(t - 55) 2 + bit - 55) 2 + c{t - 55) 8 (1) 

was found to be adequate, t being the temperature in °C, and v the specific 
volume. However, in certain cases, it was found necessary to have recourse 
to a more complicated equation of the form originally proposed by Ipatov. 
We have already discussed the application of these equations to aqueous 
solutions and presented the results for the expansion coefficients of the 
solutions of sodium bromide and sodium chloride which are the subject of 
this paper. 4 

Volume-Pressure Relations—The Tail Equation. The systematization of 
volume-pressure relations for liquids and solutions has been greatly simplified 
by the application of the equation proposed by P. G. Tait in 1880. Accord¬ 
ing to this relation, 



where — A p v is the compression when the pressure changes from Po to P\ z’o is 
the volume at P 0 ; C is a constant which is independent of temperature, and 
B is a constant which depends on temperature. This equation represents 
the compressibility results for a wide variety of liquids with a remarkable 
degree of precision and, indeed, has been used in a modified form up to 25,000 
atmospheres. 5 Furthermore, it has been found that the constant C has 
exactly the same value for similar liquids such as benzene and its derivatives 8 
or for solutions in a given solvent. 7 Up to the present it has not been found 
possible to relate the Tait equation with any theoretical considerations con¬ 
cerning liquids, but its remarkable power of expressing experimental data 
suggests that study in this direction would be most profitable. By means 
of the Tait equation, it is possible to obtain the volume and its pressure 
derivatives 3 ls a function of pressure at any temperature. Furthermore, by 
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differentiating the Tait equation with respect to temperature, it was possible 
to calculate the expansion coefficients at any pressure from a knowledge of 
the temperature coefficient of the quantity B . 8 

Thermodynamic Functions. As a result of these measurements and calcu¬ 
lations, it is possible to obtain for each liquid or homogeneous solution the 
equivalent of a table of volumes at different pressures and temperatures and 
also a table of such derivatives* as 



Volume Change on Mixing . In considering solutions, the volume change 
that occurs when the components are mixed is a matter of importance which 
is usually expressed in terms of the apparent volume of the dissolved sub¬ 
stance, <t> 2 , or the apparent molal volume, $ 2 . The apparent volume is 
defined by the expression 



(3) 

(4) 


where v is the specific volume of the solution, x x and x 2 are the weight frac¬ 
tions of solvent and solute respectively, and ?>S and the specific volumes of 
the pure solvent and solute. It will be seen that (yl — fa) is the contraction 
that takes place when 1 gram of solute is mixed with sufficient solvent to 
form a solution of a given concentration. For several series of solutions, fa 
and its temperature and pressure derivatives were computed for any tem¬ 
perature, pressure or concentration in the range studied. 

Results . The expansion coefficients of a series of sodium chloride and 
sodium bromide solutions in water at ordinary pressure have already been 
published. 9 The same paper also records equations for expressing the specific 
and apparent volumes as functions of concentration, thereby permitting the 
calculation of the various quantities at any concentration. The compres¬ 
sions and compressibilities may be computed from the Tait equation, with 
the values of B or B + P«f given in tables 2 and 1. It will be noted that 

* The symbols are used here with their usual meaning; U 7«total volume, JS-total energy, P-total 
pressure, r— temperature, and Cr«heat capacity at constant volume. 

t In later work, it became our practice to apply equation 2 directly to solutions using C for the pure 
solvent and computing B' the value of B for the solution from one or two observations." However, in an 
earlier work under the influence of the Tammann hypothesis, we treated all solutions as modifications of 
water and derived a quantity P« for solution by an equation of the following form: 

&j>v - Cafisi 6 log B "jf+p— - ttApt* 0 (5) 

Roughly speaking, (B 4* Pe) corresponds to B\ Agreement with experiment does not indicate a preference 
between these two applications of the Tait equation. 
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Table 1 

Values of (B + P e ) in Equation 5 
C = 0.3150 


Xi 



(B 4- Pe) in kilobars 



25° 

35° 

45° 

55° 

65° 

| 75° 

85° 



Sodium Chloride—Water 



0.04946 

.10187 

.14890 

.19957 

.24929 

2.996 

3.267 

3.558 

3.832 

4.139 

4.433 

3.055 

3.307 

3.578 

3.834 

4.122 

4.400 

3.081 

3.316 

3.572 

3.811 

4.075 

4.327 

3.078 

3.305 

3.550 

3.779 

4.030 

4.276 

3.052 

3.277 

3.515 

3.735 

3.976 

4.205 

3.005 

3.223 

3.455 

3 669 
3.903 
4.132 

2.939 
3 155 
3.383 
3.593 
3.821 
4.034 


Sodium Bromide—Water 


0.04906 

3.123 

3.171 

3.186 

.14997 

3.405 

3.426 

3.424 

.25004 

3.731 

3.721 

3.695 

.34554 

4.092 

4.044 

3.989 

.44338 

4.479 

4.396 

4.311 


3.180 

3.149 

3.101 

3.035 

3.402 

3.360 

3.307 

3.241 

3.652 

3 599 

3.538 

3.469 

3.923 

3 856 

3.782 

3.703 

4.214 

4.136 

4.037 

3.938 


Table 2 

Coefficients Used in Direct Application of Equation 2 to Solutions of Sodium 

Bromide in Water 
C - 0.3150 


B in kilobars 



25° 

45° 

65° 

85° 

0.04906 

3.158 

3.226 

3.188 

3.080 

.14497 

3.549 

3.577 

3.513 

3.383 

.25004 

4.021 

3.995 

3.898 

3.757 

.34554 

4.577 

4.485 

4.344 

4.181 

.44338 

5.290 

5.122 

4.937 

4.707 


the constant C in the Tait equation is taken as 0.3150, the best value ob¬ 
tained for water. The variation of (B + P e ) with temperature was expressed 
by equations of the following form. 

(■B + Pe) = (B + Pe) 560 + a (f - 55) + fi(t - 55) 2 + y(l - 55) 3 (6) 

and coefficients for the different solutions are recorded in table 3. 

The thermodynamic functions computed from the original data are re¬ 
corded in tables 4 to 13. 

Discussion of Results . It has not yet been possible for us to make a com¬ 
plete analysis of the foregoing experimental results in order to interpret the 
effects of pressure, temperature, and concentration on the various thermody¬ 
namic properties in terms of molecular interaction and geometry. In this 
paper, we shall discuss the variation of certain properties with volume and 
with temperature, in order to determine the relative effects of these vari- 
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Table 3 


Coefficients in Equation 6 Expressing (B 4* Ft) as Functions of Temperature 


*2 

(B + P e ) 66 

1 1 

lPa | 

NaBr — H^O 

im ! 

Iffy 

0.04906 

3.178 

-1.944 

-10.70 

7.22 

.14497 

3.401 

-3.205 

-8.69 

5.28 

.25004 

3.653 

-4.788 

-5.83 

4.72 

.34554 

3.925 

-6.631 

-3.00 

1.667 

.44338 

4.221 

-8.850 

-1.33 

-1.94 

NaCl—SiO 

0.04946 

3.307 

-2.153 

-10.58 

3.06 

.10187 

3.552 

-3.054 

! -9.00 

1.39 

.14890 

3.780 

-4.050 

-7.49 

.56 

.19957 

4.032 

-S.32S 

-5.63 

0 

.24929 

4.276 

-6.450 

-4.34 

-2.5 


ables. It will be assumed that properties which depend only on volume 
measure effects arising from long range forces in the liquid. By long-range 
forces are meant those which depend primarily on the mean distance between 
molecules and which are not greatly influenced by the distribution within 
this mean distance. Ion-dipole, ion-ion forces, Van der Waal's attractive 
forces are examples. On the other hand, it is expected that effects arising 
from short-range or directed forces such as repulsion forces, hydrogen bonds, 
etc ., will be reflected in thermodynamic quantities that vary with tempera¬ 
ture when the volume is kept constant. The quantities to which we wish 
to give special attention are the energy-volume coefficient {dEJdV ) T , the 
heat capacity at constant volume CV , the apparent volume of a dissolved 
substance, <£ 2 , and the constant B in the Tait equation. 

Behavior of Pure Liquids . Although it has often been taken for granted 
that the energy-volume coefficient (dE/dV) T is a pure volume function in 
normal liquids, we have shown that even in liquids such as carbon tetra¬ 
chloride 11 and benzene 32 it shows a significant temperaturedependence,asmay 
be seen in figures 1 and 2. At any given volume, (d£/dF)r for these 
liquids drops as the temperature is raised, indicating that the specific heat at 
constant volume increases as the liquid is compressed. The increase in 
repulsive potential energy arising from the inter-penetration of compressible 
molecules gives an explanation for this effect. 11 We have applied the term, 
“hindered translation," to this phenomenon to signify a potential energy 
associated with the translational degrees of freedom that arises from the 
compression of the molecules. 11 For carbon tetrachloride, 11 benzene, and a 
number of its derivatives, 12 we found that a quantity obtained by combining 
(dE/dV)r with the constant B in the Tait equation, namely [{dE/dV) T + 
B + P = Ty + B], is a pure volume function over a temperature and pres¬ 
sure range that corresponds to nearly 14 per cent change in volume. In 
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Table 4 

Sodium Chloride—Water (5 Per Cent) 


xo = 0.04946 


x i « 0.95054 


X 3 = 0.0158* 



P 

bars 

lJP(dv\ 
vq \dt) p 
deg" 1 

l&(dv\ 

Vo \dP/T 
bar- 1 

(-) 

\dTjv 

bars/deg. 

bars 

V 

cc. 

n 

cc. 

<fa 

cc. 

25° 

1 

3.203 

0.4129 

7.757 

2311 

0.96889 

18 07 

0.3146 


250 

3.323 

.3837 

8.660 

2332 

.95928 

17.89 

.3306 


500 

3.429 

.3583 

9.570 

2353 

.95031 

17.73 

.3449 


750 

3.517 

.3362 

10.46 

2368 

.94190 

17.57 

.3571 


1000 

3.596 

.3164 

11.37 

2389 

.93400 

17.42 

.3678 

35° 

1 

3.840 

.4077 

9.419 

2901 

.97231 

18.14 



250 

3.876 

.3793 

10.22 

2899 

.96279 

17.96 



500 

3.906 

.3544 

11.02 

2895 

.95388 

17.79 



750 

3.930 

.3326 

11.82 

2892 

.94553 

17.64 



1000 

3.949 

.3134 

12.60 

2882 

.93769 

17.49 


45° 

1 

4.415 

.4065 

10.86 

3454 

.97634 

18.21 

0.3324 


250 

4.377 

.3781 

11.58 

3434 

.96681 

18.04 

.3461 


500 

4.339 

.3535 

12.27 

3403 

.95789 

17.87 

.3577 


750 

4.303 

.3319 

12.96 

3373 

.94952 

17.71 

.3676 


1000 

4.271 

.3127 

13.66 

3345 

.94167 

17.57 

.3769 

55° 

1 

4.949 

.4077 

12.14 

3982 

.98092 

18.30 



250 

4.840 

.3793 

12.76 

3937 

.97131 

18.12 



500 

4.741 

.3545 

13.37 

3887 

.96233 

17.95 



750 

4.653 

.3326 

13.99 

3840 

.95390 

17.79 



1000 

4.572 

.3134 

14.59 

3787 

.94599 

17.65 


65° 

1 

5.455 

.4112 

13.27 

4486 

.98604 

18.39 

0.3374 


250 

5.279 

.3823 

13.81 

4419 

.97630 

18.21 

.3508 


500 

5.123 

.3571 

14.35 

4352 

.96720 

18.04 

.3623 


750 

4.983 

.3350 

14.87 

4278 

.95867 

17.88 

.3722 


1000 

4.856 

.3154 

15.40 

4207 

.95066 

17.73 

.3813 

75° 

1 

5.941 

.4182 

14.21 

4946 

.99167 

18.50 



250 

5.699 

.3883 

14.68 

4860 

.98172 

18.31 



500 

5.485 

.3623 

15.14 

4770 

.97243 

18.14 



750 

5.295 

.3395 

15.60 

4680 

.96373 

17.98 



1000 

5.124 

.3196 

16.03 

4580 

.95557 

17.83 


85° 

1 

6.411 

.4273 

15.00 

5371 

.99781 

18.61 

0.3336 


250 

6.102 

.3962 

15.40 

5265 

.98759 

18.42 

.3476 


500 

5.831 

.3691 

15.80 

5158 

.97805 

18.25 

.3597 


750 

5.590 

.3456 

16.17 

5040 

.96914 

18.08 

.3702 


1000 

5.375 

.3248 

16.55 

4927 

.96079 

17.92 

.3793 


• Xs Is the mole fraction of salt, 
t V is the molal volume of the solution. 


the above expression, y denotes (< dP/dT) v and should not be confused with 
7 used in equation 6 . These results are illustrated in figures 3 and 4. 
Indeed, it has been shown 11 that this quantity (Ty + B) may be expressed 
in the form A/V* for carbon tetrachloride and benzene, indicating that at 
low volumes it arises from a potential energy proportional to 1/F 2 or 1/U 6 . 
In the case of the polar derivatives of benzene, the (Ty + B) varies approxi- 
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Sodium Chloride—Water (10 Per Cent) 



X2 = 

0.10187 

Xi 

= 0.89813 


X> = 0.0338 

P 

bars 

ft, 

Ii * 8 

RP(dj)\ 

V0 \dp) T 

bar -1 

( d ?) 

\dT/v 

bars/deg. 

«*> 

K||^ rt 

V 

cc. 

V 

cc. 

<fo 

cc. 

25° 

1 

3.674 

0.3727 

9.858 

2938 

0 93436 

18.11 

0.3297 


250 

3.718 

.3485 

10.67 

2931 

.92598 

17.95 

.3440 


500 

3.754 

.3272 

11 47 

2919 

.91809 

17.79 

.3563 


750 

3.785 

.3082 

12.28 

2911 

.91067 

17.65 

.3670 


1000 

3.812 

.2915 

13.08 

2899 

.90367 

17.52 

.3766 

35° 

1 

4.148 

.3702 

11.20 

3450 

.93803 

18.18 



250 

4.135 

.3464 

11.94 

3429 

.92967 

18 02 



500 

4.120 

.3253 

12.67 

3404 

.92180 

17.87 



750 

4.108 

.3066 

13 40 

3379 

.91439 

17.72 



1000 

4.093 

.2900 

14 11 

3347 

.90740 

17.59 


45° 

1 

4.581 

.3708 

12.35 

3928 

.94213 

18.26 

0.3450 


250 

4.515 

.3467 

13.02 

3892 

.93372 

18.10 

.3572 


500 

4.454 

.3255 

13.68 

3852 

.92581 

17.94 

.3676 


750 

4.397 

.3069 

14.33 

3808 

.91837 

17.80 

.3768 


1000 

4.347 

.2902 

14.98 

3765 

.91134 

17.66 

.3848 

55° 

1 

4.988 

.3729 

13.38 

4389 

.94665 

18.35 



250 

4.871 

.3486 

13.97 

4334 

.93815 

18.18 



500 

4.763 

.3273 

14.55 

4274 

.93016 

18.03 



750 

4.667 

.3084 

15.13 

4214 

.92264 

17.88 



1000 

4.579 

.2914 

15.71 

4154 

.91555 

17.75 


65° 

1 

5.378 

.3766 

14.28 

4827 

.95157 

18.44 

0.3502 


250 

5.208 

.3518 

14.80 

4754 

.94295 

18.28 

.3619 


500 

5.058 

.3301 

15.32 

4680 

.93484 

18.12 

.3720 


750 

4.921 

.3109 

15.83 

4602 

.92722 

17.97 

.3809 


1000 

4.796 

.2937 

16.33 

4521 

.92003 

17.83 

.3887 

75 ° 

1 

5.759 

.3832 

15.03 

5231 

.95689 

18.55 



250 

5.536 

.3576 

15.48 

5139 

.94807 

18.38 



500 

5.338 

.3351 

15.93 

5045 

.93979 

18.22 



750 

5.159 

.3153 

16.36 

4945 

.93202 

18.06 



1000 

5.000 

2977 

16.80 

4848 

.92469 

17.92 


85° 

1 

6.130 

.3914 

15.66 

5607 

.96259 

18.66 

0.3474 


250 

5.852 

.3647 

16.05 

5498 

.95353 

18.48 

.3597 


500 

5.604 

.3415 

16.41 

5376 

.94504 

18.32 

.3703 


750 

5.382 

.3209 

16.77 

5255 

.93708 

18.16 

.3796 


1000 

5.185 

.3027 

17.13 

5134 

.92958 

18.02 

.3877 


mately as 1/V 2 7 . From this result, it is plausible to assume that (Ty + B) 
measures the change of attractive potential energy with volume or the 
internal pressure due to the attractive forces between the molecules. If such 
is the case, one might identify B in the Tait equation with the internal pres¬ 
sure due to repulsive forces between the molecules. It should be emphasized, 
however, that these conclusions are purely tentative and have, as yet, no 
theoretical support. The quantity (Ty + B) is the only function we have 
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Table 6 

Sodium Chloride—Water (15 Per Cent) 



*2 = 

0.14890 


- 0 85110 


X2 

, = 0.05116 

P 

bars 

10*(dv\ 

Vo \dTJp 
deg." 1 

M/dv\ 

Vo \dPj T 
bar" 1 

(Si. 

bars/deg. 

( d M) 

\iV) T 

bars 

V 

cc. 

V 

cc. 

<h 

cc. 

25° 

1 

4.014 

0.3401 

11.80 

3517 

.90451 

18 17 

0.3419 


250 

4.005 

.3195 

12.54 

3488 

.89709 

18 02 

.3547 


500 

3.997 

.3013 

13.27 

3456 

.89007 

17.88 

.3657 


750 

3.988 

.2850 

13.99 

3420 

.88345 

17.74 

.3754 


1000 

3.979 

.2704 

14.72 

3388 

.87717 

17.62 

.3839 

35° 

1 

4.351 

.3394 

12.82 

3949 

.90829 

18.24 



250 

4.303 

.3190 

13.49 

3906 

.90085 

18.09 



500 

4.259 

.3008 

14.16 

3863 

.89381 

17.95 



750 

4.217 

.2845 

14.82 

3816 

.88718 

17.82 



1000 

4.179 

.2700 

15.48 

3769 

.88088 

17.69 


45° 

1 

4.677 

.3412 

13.71 

4360 

.91241 

18 33 

0.3555 


250 

4.590 

.3205 

14.32 

4305 

.90490 

18.18 

.3664 


500 

4.510 

.3021 

14.93 

4249 

.89779 

18.03 

.3758 

1 

750 

4.438 

.2857 

15.53 

4190 

.89110 

17.90 

.3841 


1000 

4.372 

.2710 

16.13 

4131 

.88475 

17.77 

.3914 

55° 

1 

4.995 

.3440 

14.52 

4763 

.91683 

18.42 



250 

4.869 

.3230 

15.07 

4694 

.90922 

18.26 



500 

4.755 

.3042 

15.63 

4628 

.90203 

18.12 



750 

4.652 

.2876 

16.18 

4559 

.89526 

17.98 



1000 

4.558 

.2728 

16.71 

4483 

.88884 

17.85 


65° 

1 

5.310 

.3480 

15.26 

5158 

.92157 

18.51 

0.3602 


250 

5.144 

.3265 

15.75 

5075 

.91384 

18.35 

.3708 


500 

4.995 

.3074 

16.25 

4994 

.90654 

18.21 

.3799 


750 

4.861 

.2904 

16.74 

4910 

.89966 | 

18.07 

.3879 


1000 

4.739 

.2753 

17.21 

4819 

.89314 1 

17.94 

.3950 

75 ° 

1 

5.623 

.3543 

15.87 

5523 

.92663 

18.61 



250 

5.414 

.3320 

16.31 

5428 

.91872 

18.45 



500 

5.229 

.3123 

16.74 

5327 

.91126 

18.30 



750 

5.059 

.2948 

17.16 

5223 

.90423 

18.16 



1000 

4.906 

.2792 

17.57 

5116 

.89759 

18.03 


85° 

1 

5.935 

*3620 

16.40 

5872 

.93198 

18.72 

0.3582 


250 

5.680 

.3387 

16.77 

5755 

.92386 

18.56 

.3692 


500 

5.454 

.3182 

17.14 

5638 

.91620 

18.40 

.3787 


750 

5.251 

.3001 

17.50 

5517 

.90901 

18.26 

.3872 


1000 

5.068 

.2839 

17.85 

5392 

.90221 

18.12 

.3944 


yet observed which is independent of temperature at constant volume, not 
only in pure liquids but also in solutions of similar liquids, for example, solu¬ 
tions of aniline in nitrobenzene. 18 At constant pressure, the expansion coef¬ 
ficients and the compressibilities of normal liquids increase with rise of tem¬ 
perature. At constant volume, the expansion coefficients decrease as the 
temperature is raised, 11 and the same is true for the compressibilities. 

Behavior of Water and Glycol . The well-known exceptional behavior of 
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Table 7 

Sodium Chloride—Water (20 Per Cent) 


» 0.19957 


• 0.80043 


X 2 - 0.07136 


W/dv\ (dP\ (dE\ 

i \dT/p z»o \dP/T \dT/v \dv) 


bars/deg. 



water is emphasized by a consideration of the (dE/dV) T — V diagram for 
this liquid, which is shown in figure 5. It will be seen that the effect of 
temperature at constant volume on (dE/dV) T is enormous and has the oppo¬ 
site sign from that observed in other liquids. The dotted curves in figure 
5 represent the results for aniline on the same scale and give a comparison 
of the behavior of water with that of a fairly regular liquid. It will be seen 
that CV for water decreases as the liquid is compressed. In figure 6, we 
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Table 8 

Sodium Chloride—Water (25 Per Cent) 



*2 = 

0.24929 

Xl 

= 0.75071 


x 2 

= 0.09284 

P 

bars 

W(dv\ 

Bo \dTjp 
deg.” 1 

lP(dv\ 
vo \dPJ T 
bars -1 

(*Z\ 

\dT/y 

bars/deg. 

(-) 

\dVjT 

cc. 

V 

cc. 

V 

cc. 

<fo 

cc. 

25° 

1 

4.471 

0.2812 

15.90 

4739 

0.84348 

18.36 

0.3633 


250 

4.388 

.2665 

16.47 

4660 

.83773 

18.24 

.3732 


500 

4.312 

.2534 

17.02 

4574 

.83225 

18.12 

.3819 


750 

4.242 

.2414 

17.57 

4488 

.82705 

18.01 

.3895 


1000 

4.178 

.2306 

18.12 

4402 

.82208 

17.90 

.3962 

35° 

1 

4.637 

.2828 

16.40 

5052 

.84732 

18.45 



250 

4.539 

.2680 

16.94 

4969 

.84151 

18.32 



500 

4.450 

.2546 

17.48 

4886 

.83597 

18.20 



750 

4.369 

.2425 

18.02 

4802 

.83071 

18.09 



1000 

4.294 

.2316 

18.54 

4712 

.82570 

17.98 


45° 

1 

4.812 

.2872 

16.75 

5327 

.85134 

18.53 

0.3740 


250 

4.697 

.2719 

17.27 

5244 

.84542 

18.41 

.3826 


500 

4.590 

.2582 

17.78 

5156 

.83977 

18.28 

.3900 


750 

4.495 

.2457 

18.29 

5068 

.83442 

18.17 

.3966 


1000 

4.406 

.2345 

18.79 

4977 

.82931 

18.05 

.4025 

55° 

1 

4.997 

.2905 

17.20 

5642 

.85552 

18.63 



250 

4.861 

.2748 

17.69 

5554 

.84951 

18.49 



500 

4.739 

.2607 

18.18 

5465 

.84377 

18.37 



750 

4.626 

.2480 

18.65 

5369 

.83834 

18.25 



1000 

4.524 

.2366 

19.12 

5273 

.83316 

18.14 


a 

0 

1 

5.186 

.2953 

17.56 

5936 

.85989 

18.72 

0.3784 


250 

5.027 

.2791 

18.01 

5839 

.85375 

18.59 

.3867 


500 

4.882 

.2646 

18.45 

5738 

.84790 

18.46 

.3939 


750 

4.751 

.2515 

18.89 

5637 

.84236 

18.34 

.4002 


1000 

4.630 

.2397 

19.32 

5532 

.83708 

18.22 

.4058 

75° 

1 

5.378 

.3005 

17.90 

6230 

.86445 

18.82 



250 

5.191 

.2838 

18.29 

6117 

.85817 

18.68 



500 

5.022 

.2687 

18.69 

6006 

.85219 

18.55 



750 

4.869 

.2553 

19.07 

5888 

.84654 

18.43 



1000 

4.728 

.2432 

19.44 

5767 

.84115 

18.31 


85° 

1 

5.573 

.3080 

18.09 

6477 

.86919 

18.92 

0.3778 


250 

5.353 

.2904 

18.43 

6350 

.86272 

18.78 

.3864 


500 

5.153 

.2746 

18.77 

6222 

.85658 

18.65 

.3939 


750 

4.972 

.2606 

19.08 

6083 

.85077 

18.52 

.4005 


1000 

4.808 

.2479 

19.39 

5944 

.84525 

18.40 

.4062 


have illustrated the energy-volume coefficient of ethylene glycol as a func¬ 
tion of volume at different temperatures and pressures. This liquid behaves 
qualitatively like water, but the magnitude of the temperature effect is very 
much less. In figure 7, (Ty + B) is plotted for water and for ethylene 
glycol. In both cases, it is not a pure volume function; indeed, in water, 
the variation of (Ty + B) with temperature at constant volume is still large, 
although not so striking as the variation in (dE/d V) r itself. 
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Table 9 

Sodium Bromide—Water (5 Per Cent) 



X2 = 

0.0491 

Xl 

- 0.9509 


Xi 

= 0.0090 


P 

bars 

10 *fdv\ 
vo \dTjp 
deg." 1 

10 4 /dv\ 

Vo \dPj T 
bars" 1 

(*£) 

\dTJv 

bars/deg. 

/dj\ 

\dVjr 

bars 

Q 

V 

cc. 

<fo 

cc.. 

25° 

1 

3.038 

0.4333 

7.011 

2089 

0.96550 

18.13 

0.2400 


250 

3.217 

.4014 

8.014 

2139 

.95547 

17.94 

.2480 


500 

3.370 

.3738 

9.016 

2188 

.94612 

17.76 

.2547 


750 

3.502 

.3498 

10.01 

2234 

.93740 

17.60 

.2606 


1000 

3.(516 

.3285 

11.01 

2282 

.92921 

17.45 

.2657 

35° 

1 

3.733 

0.4267 

8.749 

2695 

.96877 

18.19 



250 

3.798 

.3957 

9.598 

2707 

.95886 

18.00 



500 

3.850 

.3688 

10.44 

2717 

.94961 

17.83 



750 

3.896 

.3454 

11.28 

2725 

.94097 

17.67 



1000 

3.934 

.3247 

12.12 

2734 

.93286 

17.52 


45° 

1 

4.383 

0.4246 

10.32 

3282 

.97272 

18.26 

0.2533 


250 

4.353 

.3938 

11.05 

3265 

.96282 

18.08 

.2598 


500 

4.323 

.3672 

11.77 

3244 

.95357 

17.90 | 

.2649 


750 

4.296 

.3440 

12.49 

3223 

.94493 

17.74 

.2694 


1000 

4.269 

.3234 

13.20 

3199 

.93682 

17.59 

.2734 

55° 

1 

4.985 

.4254 

11.72 

3844 

.97730 

18.35 



250 

4.875 

.3945 

12.36 

3805 

.96731 

18.16 



500 

4.777 

.3677 

12.99 

3762 

.95803 

17.99 



750 

4.687 

.3444 

13.61 

3715 

.94933 

17.83 



1000 

4.607 

.3239 

14.22 

3666 

.94117 

17.67 


65° 

1 

5.542 

.4294 

12.91 

4364 

.98245 

18.45 

0.2590 


250 

5.363 

.3981 

13.47 

4304 

.97234 

18.26 

.2649 


500 

5.205 

.3709 

14.03 

4244 

.96290 

18.08 

.2698 


750 

5.064 

.3471 

14.59 

4183 

.95409 

17.91 

.2740 


1000 

4.937 

.3262 

15.13 

4115 

.94583 

17.76 

.2781 

75° 

1 

6.053 

.4362 

13.88 

4831 

.98817 

18.55 



250 

5.815 

.4038 

14.40 

4763 

.97785 

18.36 



500 

5.605 

.3758 

14.91 

4690 

.96823 

18.18 



750 

5.420 

.3515 

15.42 

4618 

.95925 

18.01 



1000 

5.253 

.3301 

15.91 

4538 

.95084 

17.85 


85° 

1 

6.517 

.4457 

14.62 

5234 

.99441 

18.67 

0.2590 


250 

6.229 

.4119 

15.12 

5164 

.98380 

> 18.47 

.2653 


500 

5.976 

.3828 

15.61 

5090 

.97393 

1 18.29 

.2706 


750 

5.753 

.3576 

16.09 

5012 

.96473 

i 18.11 

.2755 


1000 

5.553 

.3355 

18.55 

4927 

.95613 

\ 17.95 

.2795 


It has been shown 11 that the very anomalous behavior of the (dE/dV)r vs 
V curves for water shown in figure 5 may be accounted for qualitatively in 
all aspects in terms of the current theories of the molecular distribution in 
this liquid* The low coordination number (approximately 4) for water, and 
other evidence, indicate that weak directed bonds between the water mole¬ 
cules tend to hold them in an open structure. When the liquid is compressed, 


See ref. 11 p. 903 for list of papers on tHs subject. 
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Table 10 

Sodium Bromide—Water (15 Per Cent) 



Dd = 

0.14997 

Xi 

= 0.85003 


X, 

- 0.0300 

P 

bars 

W(dv\ 
v 0 \dt)p 
deg. -1 

10V dv\ 

Vo \dP/T 
bars -1 

\dT)r 

bars/deg. 

(dE\ 

\dVJr 

bars 

V 

cc. 

V 

cc. 

<fa 

cc. 

25° 

1 

3.805 

0.3873 

9.824 

2928 

0.88999 

18.30 

0.2501 


250 

3.836 

.3611 

10.62 

2916 

.88170 

18.13 

.2569 


500 

3.864 

.3381 

11.43 

2907 

.87393 

17.97 

.2627 


750 

3.888 

.3180 

12.23 

2896 

.86664 

17.82 

.2679 


1000 

3.906 

.3000 

13.02 

2881 

.85976 

17.68 

.2723 

35° 

1 

4.267 

.3845 

11.10 

3419 

.89359 

18.37 



250 

4.245 

.3587 

11.83 

3395 

.88532 

18.20 



500 

4.221 

.3359 

12.57 

3373 

.87757 

18.04 



750 

4.200 

.3160 

13.29 

3345 

.87030 

17.89 



1000 

4.181 

.2983 

14.02 

3320 

.86344 

17.75 


45 0 

1 

4.710 

.3845 

12.25 

3896 

.89760 

18.46 

0.2617 


250 

4.633 

.3586 

12.92 

3860 

.88930 

18.29 

.2672 


500 

4.565 

.3359 

13.59 

3823 

.88151 

18.13 

.2719 


750 

4.502 

.3160 

14.25 

3783 

.87421 

17.98 

.2760 


1000 

4.444 

.2982 

14.90 

3740 

.86732 

17.83 

.2796 

55° 

1 

5.133 

.3868 

13.27 

4353 

.90205 

18.55 



250 

5.003 

.3606 

13.87 

4301 

.89366 

18.38 



500 

4.887 

.3377 

14.47 

4248 

.88580 

18.21 



750 

4.782 

.3175 

15.06 

4191 

.87841 

18.06 



1000 

4.687 

.2996 

15.64 

4131 

.87146 

17.92 


65° 

1 

5.538 

.3916 

14.14 

4780 

.90687 

18.65 

0.2671 


250 

5.354 

.3648 

14.68 

4713 

.89833 

18.47 

.2722 


500 

5.189 

.3413 

15.20 

4639 

.89033 

18.31 

.2765 


750 

5.041 

.3207 

15.72 

4565 

.88284 

18.15 

.2803 


1000 

4.909 

.3025 

16.23 

4487 

.87578 

18.01 

.2837 

75° 

1 

5.922 

.3979 

14.88 

5179 

.91208 

18.75 



250 

5.679 

.3701 

15.34 

5090 

.90337 

18.57 



500 

5.464 

.3460 

15.79 

4996 

.89520 

18.41 



750 

5.274 

.3249 

16.23 

4900 

.88757 

18.25 



1000 

5.103 

.3061 

16.67 

4803 

.88038 

18.10 


85° 

; 

1 

6.286 

.4060 

15.48 

5542 

.91767 

18.87 

0.2679 


250 

5.981 

.3773 

15.85 

5426 

.90873 

18.68 

.2733 


500 

5.713 

.3522 

16.22 

5308 

.90036 

18.51 

.2779 


750 

5.476 

.3303 

16.58 

5187 

.89255 

18.35 

.2821 


1000 

5.262 

.3109 

16.93 

5063 

.88519 

18.20 

.2855 


these bonds are broken, molecules moving into the empty spaces, and a cor¬ 
responding increase in potential energy results. The contribution of this 
effect to (dE/BV) T is negative, it has the same sign as the internal pressure 
arising from the repulsive forces. The magnitude of the contribution to 
(dE/dV) T arising from the breaking of hydrogen bonds during the compres¬ 
sion of water may be estimated roughly by plotting (8E/dV) T against tem¬ 
perature at constant volume and determining by extrapolation the value of 
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Table 11 


Sodium Bromide—Water (25 Per Cent) 



*2 = 

0.25004 

Xi 

- 0.74996 


X, 

- 0.05514 

P 

bars 

-(£) 

Vo \dTJp 

deg." 1 

ioy dv\ 

Vo \dPjT 
bars” 1 

(*l\ 

\iTJv 

bars/deg. 

(Si. 

bars 

V 

CC. 

V 

cc. 

fa 

cc. 

25 ° 

1 

4.408 

0.3424 

12.87 

3836 

0.81661 

18.54 

0.2580 


250 

4.388 

.3213 

13.66 

3822 

.80986 

18.38 

.2638 


500 

4.367 

.3026 

14.43 

3802 

.80351 

18.24 

.2689 


750 

4.348 

.2859 

15 21 

3784 

.79750 

18.10 

.2733 


1000 

4.331 

.2711 

15.98 

3764 

.79182 

17.97 

.2712 

35 ° 

1 

4.696 

.3428 

13.70 

4220 

.82034 

18.62 



250 

4.627 

.3216 

14.39 

4184 

.81356 

18.47 



500 

4.565 

.3028 

15.08 

4146 

.80717 

18.32 



750 

4.509 

.2801 

15.76 

4106 

.80113 

18.19 



1000 

4.458 

.2712 

16.44 

4065 

.79542 

18.06 


45 ° 

1 

4.977 

.3448 

14.43 

4589 

.82432 

18.71 

0.2680 


250 

4.867 

.3233 

15.05 

4537 

.81746 

18.56 

.2728 


500 

4.770 

.3044 

15.67 

4485 

.81101 

18.41 

.2790 


750 

4.679 

.2875 

16.27 

4425 

.80491 

18.27 

.2806 


1000 

4.598 

.2725 

16.87 

4366 

.79914 

18.14 

.2837 

55° 

1 

5.255 

.3486 

15.07 

4943 

.82854 

18.81 



250 

5.109 

.3266 

15.64 

4881 

.82158 

18.65 



500 

4.979 

.3073 

16.20 

4815 

.81502 

18.50 



750 

4.859 

.2900 

16.76 

4749 

.80884 

18.36 



1000 

4.752 

.2747 

17.30 

4676 

.80299 

18.23 


65 ° 

1 

5.527 

.3535 

15.64 

5287 

.83302 

18.91 

0.2730 


250 

5.348 

.3310 

16.16 

5214 

.82592 

18.75 

.2774 


500 

5.190 

.3110 

16.69 

5143 

.81925 

18.60 

.2813 


750 

5.045 

.2935 

17.19 

5062 

.81296 

18.45 

.2846 


1000 

4.916 

.2778 

17.70 

4984 

.80701 

18.32 

.2875 

75 ° 

1 

5.794 

.3595 

16.12 

5610 

.83776 

19.02 



250 

5.588 

.3363 

16.62 

5535 

.83050 

18.85 



500 

5.404 

.3157 

17.12 

5459 

.82369 

18.70 



750 

5.239 

.2976 

17.60 

5377 

.81727 

18.55 



1000 

5.089 

.2815 

18.08 

5294 

.81121 

18.41 


85 ° 

1 

6.055 

.3668 

16.51 

5911 

.84273 

19.13 

0.2742 


250 

5.826 

.3426 

17.01 

5841 

.83529 

18.96 

.2788 


500 

5.622 

.3212 

17.50 

5767 

.82831 

18,80 

.2829 


750 

5.439 

.3025 

17.98 

5689 

.82174 

18.65 

.2864 


1000 

5.275 

.2859 

18.45 

5607 

.81554 

18.51 

.2893 


(dE/dV)r where the temperature effect becomes zero. This extrapolation. 11 
along the line for V — 18.12 cc indicates that (dE/dV) T for water becomes 
independent of temperature and has a value of 6,300 bars in the vicinity of 
200°C. The difference between this value and the observed value of 
. (6E/dV)r at any lower pressure is taken as a measure of the contribution 
of the breaking of the hydrogen bonds to (dE/dV) T for water. Calculations 
show that the breaking of a few per cent of the hydrogen bonds in the liquid 
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Table 12 


Sodium Bromide—Water (35 Per Cent) 



X2 = 

0.34554 

Xi 

= 0.65446 


x 2 

- 0.08460 

P 

bars 

10 V dv\ 
vq \dT/p 
d eg." 1 

W/dv\ 

Vo \dPjT 
bars” 1 

\iT)v 
bars/deg. 

(M) 

\dVjT 

bars 

V 

cc. 

V 

cc. 

<fa 

cc. 

23° 

1 

4.841 

0.3006 

16.10 

4798 

0.74780 

18.85 

0.2647 


250 

4.749 

.2838 

16.73 

4737 

.74236 

18.71 

.2697 


500 

4.666 

.2687 

17.37 

4678 

.73720 

18.58 

.2740 


750 

4.589 

.2551 

17.99 

4613 

.73230 

18.46 

.2778 


1000 

4.521 

.2430 

18.60 

4545 

.72765 

18.34 

.2811 

35° 

1 

5.002 

.3034 

16.49 

5080 

.75150 

18.94 



250 

4.885 

.2862 

17.07 

5009 

.74598 

18.80 



500 

4.784 

.2709 

17.66 

4941 

.74075 

18.67 



750 

4.689 

.2572 

18.23 

4867 

.73579 

18.54 



1000 

4.604 

.2447 

18.81 

4795 

.73108 

18.42 


45° 

1 

5.169 

.3072 

16.83 

5353 

.75532 

19.04 

0.2734 


250 

5.032 

.2895 

17.38 

5279 

.74971 

18.89 

.2775 


500 

4.909 

.2738 

17.93 

5204 

.74440 

18.76 

.2810 


750 

4.797 

.2598 

18.46 

5122 

.73936 

18.63 

.2841 


1000 

4.696 

.2470 

19.01 

5047 

.73458 

18.51 

.2868 

55° 

1 

5.339 

.3119 

17.12 

5616 

.75930 

19.14 



250 

5.182 

.2937 

17.64 

5538 

.75357 

18.99 



500 

5.041 

.2775 

18.17 

5462 

.74816 

18.85 



750 

4.912 

.2630 

18.68 

5379 

.74302 

18.73 



1000 

4.795 

.2501 

19.17 

5290 

.73816 

18.60 


65° 

1 

5.515 

.3171 

17.39 

5879 

.763441 

19.24 

0.2780 


250 

5.336 

.2983 

17.89 

5799 

.75759 

19.09 

.2818 


500 

5.178 

.2816 

18.39 

5718 

.75206 

18.95 

.2851 


750 

5.034 

.2667 

18.88 

5633 

.74683 

18.82 

.2879 


1000 

4.903 

.2533 

19.36 

5546 

.74187 

18.70 

.2904 

75° 

1 

5.695 

.3232 

17.62 

6133 

.76773 

19.35 



250 

5.498 

.3036 

18.11 

6054 

.76174 

19.20 



500 

5.322 

.2863 

18.59 

5971 

.75608 

19.05 



750 

5.162 

.2709 

19.06 

5885 

.75073 

18.92 



1000 

5.019 

.2571 

19.52 

5795 

.74565 

18.79 


85° 

1 

5.879 

.3301 

17.81 

6377 

.77218 

19.46 

0.2795 


250 

5.664 

.3098 

18.28 

6296 

.76603 

19.31 

.2834 


500 

5.472 

.2918 

18.75 

6214 

.76023 

19.16 

.2869 


750 

5.298 

.2757 

19.22 

6133 

.75475 

19.02 

.2898 


1000 

5.140 

.2615 

19.66 

6040 

.74957 

18.89 

.2923 


by the application of a pressure of 1,000 bars accounted for the anomalous 
effect of temperature on the energy-volume coefficient of water. 

Solutions . The foregoing results do not give much promise that the 
thermodynamic properties of solutions of electrolytes dissolved in water will 
exhibit many simple regularities at low temperatures. They do, however, • 
indicate that solutions in ethylene glycol will exhibit less complex behavior 
and, therefore, that such solutions are suitable to act as models in any dis- 
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Table 13 

Sodium Bromide—Water (45 Per Cent) 



% = 0.44338 


= 0.55662 


Xt 

= 0.12238 

P 

bars 

10V&>\ 
t>o \dT/p 
deg."* 1 

10 */dv\ 

Vo \dP/T 
bars” 1 

\dTjv 

bars/deg. 

(dE\ 

\dvjr 

bars 

V 

cc. 

V 

cc. 

<h 

cc. 

25° 

1 

5.141 

0.2614 

19.67 

5863 

0.67832 

19.27 

0.2710 


250 

5.011 

.2483 

20.18 

5766 

.67402 

19.15 

.2750 


500 

4.893 

.2363 

20.71 

5674 

.66991 

19.03 

.2785 


750 

4.788 

.2254 

21.24 

5582 

.66600 

18.92 

.2816 


1000 

4.690 

.2157 

21.74 

5481 

.66226 

18.81 

.2843 

35° 

1 

5.223 

.2656 

19.66 

6056 

.68184 

19.37 



250 

5.083 

.2518 

20.19 

5971 

.67745 

19.25 



500 

4.959 

.2395 

20.71 

5881 

.67326 

19.13 



750 

4.844 

.2284 

21.21 

5785 

.66927 

19.01 



1000 

4.739 

.2182 

21.72 

5692 

.66547 

18.91 


45° 

1 

5.311 

.2702 

19.66 

6253 ' 

.68544 

19.47 

0.2784 


250 

5.163 

.2560 

20.17 

6166 

.68095 

19.35 

.2817 


500 

5 027 

.2432 

20.67 

6075 

.67667 

19.22 

.2846 


750 

4.903 

.2317 

21.16 

5981 

.67261 

19.11 

.2871 


1000 

4.789 

.2213 

21.64 

5884 

.66873 

19.00 

.2894 

55° 

1 

5.407 

.2759 

19.60 

6430 

.68912 

19.58 



250 

5.243 

.2611 

20.08 

6338 

.68452 

19.45 



500 

5.096 

.2477 

20.57 

6249 

.68013 

19.32 



750 

4.961 

.2358 

21.04 

6153 

.67597 

19.20 



1000 

4.838 

.2249 

21.51 

6057 

.67200 

19.09 


65° 

1 

5.510 

.2808 

19.62 

6633 

.69290 

19.69 

0.2827 


250 

5.333 

.2654 

20.09 

6542 

.68819 

19.55 

.2858 


500 

5.171 

.2517 

20.54 

6445 

.68371 

19.42 

.2885 


750 

5.024 

.2393 

20.99 

6347 

.67946 

19.30 

.2908 


1000 

4.891 

.2282 

21.43 

6245 

.67542 

19.19 

.2929 

75° 

1 

5.622 

.2875 

19.55 

6804 

.69677 

19.80 



250 

5.425 

.2714 

19.99 

6709 

.69193 

19.66 



500 

5.247 

.2569 

20.42 

6608 

.68732 

19.53 



750 

5.086 

.2440 

20.84 

6504 

.68296 

19.40 



1000 

4.940 

.2324 

21.26 

6401 

.67882 

19.29 


85 ° 

1 

5.740 

.2945 

19.49 

6978 

.70073 

19.91 

0.2846 


250 

5.521 

.2777 

19.88 

6869 

.69574 

19.77 

.2877 


500 

5.323 

.2626 

20.27 

6759 

.69101 

19.63 

.2904 


750 

5.145 

.2492 

20.65 

6645 

.68653 

19.50 

.2928 


1000 

4.983 

.2370 

21.03 

6531 

.68228 

19.38 

.2948 


cussion of the behavior of water solutions. With this in mind, we have 
examined the behavior of sodium bromide both in water and glycol and will 
compare the results later. 

In general, the volume change produced by the solution of an electrolyte 
in a solvent would be expected to be determined by the long range electro¬ 
static ion-molecule forces and the molecule-molecule interactions in the 
liquid. It has been known for a long time that the compressibility of aque- 
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Figure 1. The energy-volume coefficients of carbon tetrachloride as a function of volume at different 
temperatures. 
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FtQUBE 2. The energy-volume coefficients of nitrobenzene and aniline as functions of volume at different 
temperatures. 


ous solutions may be related to the volume change on mixing by the simple 
Tammann hypothesis that water in a solution behaves as water under a 
given hydrostatic pressure. It is possible to make quantitative use of this 
relationship, and, indeed, the compressibility of solutions may be computed 
from apparent volumes and the compressibility of pure water. 14 It must be 
emphasized, however, that this relation holds only at constant temperature 
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Figure 3 Illustration of (Ty -f 21) as a pure volume function for carbon tetrachloride. 


LOG V FOR 165 


0 * b | 97 198 199 ZOO 2 01 2 02 2 03 204 2 05 

LOS V FOR 23B4 

Figure 4. Log (Ty -4-23) as a function of log V for benzene and some of its derivatives. (Note: Ty + B 
is a pure volume function for these liquids.) 

and that the behavior of water in a solution under changes of temperature 
cannot be predicted from a knowledge of the behavior of water under pres¬ 
sure. It will also be recalled that the apparent volumes of salts increase 
with temperature up to about 50° C., even though any simple picture of 
internal forces would lead one to expect that the temperature coefficient of 
this quantity would be negative. Furthermore, simple electrostatic consid- 
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VOLUME IN MW*R SRAM 


Figube 5. The energy-volume coefficient of water as a function of volume at different temperatures, 
(xne dotted lines compare the behavior of water with that of aniline.) 



MOLAL VOLUME in mi. 

Figure 6. Energy-volume coefficient of ethylene glycol as a function of volume at different temperatures* 

erations would lead to the conclusion that the volume changes in infinite 
dilution produced by monovalent salts should be approximately proportional 
to the reciprocal of the mean ionic radii according to the relation 


in - Vt) = 


-Nq 2 l_dK 
2a K*dP 


0 ) 


where (FI — VI) is the contraction when 1 mol of salt is dissolved to give an 
infinitely dilute solution, q is the valence of the ions, a is the mea n ionic 
radius, and K is the dielectric constant of the medium. This relation has 
been explored by Kritschewsky 16 who found that it described well the effect 
of pressure on the partial molal volumes of salts in water. However, a study 
of his paper indicates that the values of the ionic radii obtained from standard 
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Figure 7. The variation of (Ty -f B) with volume at different temperatures for water and glycol. (Note 
the absence of any indication of a pure volume function.) 

sources are by no means in agreement with those required by the application 
of equation 7. In figure 8, we have plotted the contractions of salts on 
solution in water against the reciprocal of the ionic radius taken from crystal 
data. It will be seen that the relation does not hold for the alkali bro mi des 
in water. On the other hand, the relationship holds qualitatively quite well 



Figure 8. Contraction on mixing as a function of reciprocal of mean ionic radius for different salts in 
water and in glycol. 
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for solutions in ethylene glycol, as may be seen from the lower curve, and, 
indeed, is an example of a regularity of behavior of solutions of electrolytes 
in this solvent. It is, therefore, desirable to recall some of these regularities. 
Solutions in Ethylene Glycol . Figure 9 shows that the apparent volumes 



of various salts dissolved in ethylene glycol decrease with temperature. The 
apparent expansion coefficients are negative as contrasted with those for 
aqueous solutions which are all positive at the lower temperatures. The 
compressibility of ethylene glycol solutions is, of course, determined by the 
value of B in the Tait equation for the solutions, and the Tammann hy¬ 
pothesis may be applied quantitatively to compute compressibilities from 
volume changes on solution and the properties of pure glycol. Figure 10 
shows that the quantity B also determines the expansion coefficients of these 
solutions at different pressures and temperatures. Furthermore, the appar¬ 
ent volume itself depends only on the specific volume of the solution and is 
independent of temperature as long as the total volume is kept constant. 
This is strikingly illustrated in figure 11,.where the apparent volumes of 
sodium bromide in ethylene glycol are plotted against volume, and for each 
solution the points observed at temperatures between 25° and 105° all fall on 
the same curve. 

The energy-volume coefficients of glycol-sodium bromide solutions are 
shown as functions of the volume in figure 12. In general, curves for the 
solutions resemble those for the pure solvent, but it should be remarked that, 
in the more concentrated solutions, the variation with temperature at con- 
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Figure 12. Energy-volume coefficient of solutions of sodium bromide in glycol as functions of the 
volume. 



Figure 13. The effect of concentration on the energy-volume coefficient of solutions of sodium bromide 
in glycol. 


repulsive component of the internal pressure, so that the total quantity 
remains constant. 

We may summarize the behavior of glycol solutions by stating that the 
volume changes on mixing, the compressibilities and the energy-volume coef¬ 
ficients all behaving as if the interaction between the dissolved ions and the 
solvent merely causes a tightening up of the structure, such as would be pro¬ 
duced by stronger forces between the ions and the molecules than between 
the molecules themselves. Furthermore, the main effects are due to these 
long-range forces, and the effects of short-range forces or of changes in the 
molecular distribution in glycol are only secondary. 

Water Solutions . In discussing the results for aqueous solutions, we must 
limit ourselves to a survey of the general features and postpone a quantita¬ 
tive discussion of the results. This survey offers promise that quantitative 
relations among the various properties may be established at least on a semi- 
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empirical basis, but the complexity of the phenomena has prevented us from 
carrying out this part of the work. A sample of the type of results found for 
aqueous solutions is given in figure 14, where the energy-volume coefficients 



Figure 14. The energy-volume coefficient of a 44% solution of sodium bromide in water as a function 
of the specific volume at different temperatures. 


for a 44 per cent solution of sodium bromide are plotted against volume. 
This figure may be contrasted with figure 12. It is interesting to note 
that the curves are much closer together than on the diagram for pure water, 
but are still widely separated when compared with the glycol solutions. 

In contrast to the behavior observed in glycol solutions, the expansion 
coefficients are by no means determined by (B + P), although it will be 
recalled that at any constant temperature the apparent volumes and the 
compressibilities may be related through the Tammann hypothesis. In 
figure IS, it will be seen that the expansion coefficient is a different function 



Figure 15. Expansion coefficients of solutions of sodium bromide in water as a function of the constant 
B in the T&it equation. 
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of ( B + P) for each temperature, although there is an indication that at 
higher temperatures the curves may come together and give a behavior 
similar to that observed in glycol solutions. 

In figure 16, the effect of concentration on the constant B in the Tait 



Figure 16. The variation of the constant B in the Tait equation with concentration for solutions of 
sodium bromide in water and in ethylene glycol. 


equation is compared for sodium bromide in glycol and in water. The 
quantity plotted is (Bo — B'), B' being the value of B obtained from the 
compressibility results for the solutions through equation 2. (Bo — B r ) 
measures the effect of salt on the compressibility of the system. It is inter¬ 
esting to note that the variation of B ' with concentration in glycol solutions 
is independent of temperature and is much smaller than that encountered 
in aqueous solutions, where a marked temperature dependence of (Bo — B') 
at any given concentration is also observed. 

Similar behavior is noticed in the effects of concentration on the energy- 
volume coefficients in aqueous solutions as compared with the same results 
for glycol solutions. These results are illustrated in figure 17, where fea- 



Fxgusb 17. The effect of concentration on the energy-volume coefficients of different salts in water and 
fa ethylene glycol at different temperatures and pressures. 
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tures of interest are, first, the small variation of (dE/dV) T with concentration 
in glycol solutions as compared with the relatively large variation in aqueous 
solutions, and, second, the marked effects of temperature in aqueous solu¬ 
tions. It will be noted that sodium chloride and sodium bromide form a 
fairly compact family of curves at 25° both at 1 and 1,000 bars pressure. 
There is, however, enough divergence among these curves to indicate signifi¬ 
cant differences. At 75°, another compact family is observed, the effect of 
salt is much reduced and indeed, is almost the same for the two salts at both 
pressures. Figure 17 points to the conclusions that, at higher temperatures, 
the effect of concentration on (6E/dV) T in aqueous solutions probably ap¬ 
proaches the value observed in glycol solutions, that specific salt effects are 
changed as the temperature is raised, and that at higher temperatures the 
solution adjusts itself in volume upon addition of salt in such a way that 
(dE/dV) T remains substantially constant. It is interesting to note that 
unpublished results for aqueous solutions of lithium bromide indicate a very 
small effect of concentration on ( 6E/dV) T at 25° and that at 85° this salt 
actually causes a lowering of the energy-volume coefficient. This is un¬ 
doubtedly connected with the small volume change on mixing shown in the 
system lithium bromide-water, but a complete discussion must be reserved 
for a later paper. 

In water solutions, the apparent volume of the dissolved substance is by 
no means determined solely by the total volume of the solution, as was the 
case in glycol. Indeed, the effect of temperature at constant volume is very 
pronounced and always results in an increase in apparent volume with rise 
of temperature. In figure 18, we illustrate the effect of temperature on the 



Figure 18. The effect of temperature on the apparent volume of sodium bromide in water and in glycol 
at constant pressure and constant volume. 

apparent volume of sodium bromide in infinite dilution both in water and in 
glycol. At constant pressure, the apparent volume in glycol falls steadily 
with the rise of temperature; in water, it first rises anomalously and then 
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passes through the well-known maximum. At constant volume, the appar¬ 
ent volume of sodium bromide in glycol is essentially constant, while that in 
water rises continuously and appears to approach a value slightly in excess 
of the apparent volume in glycol. It is interesting to note that at 85° or 90° 
the compressibility of glycol is greater than that of water, whereas the re¬ 
verse is the case at lower temperatures. 

Conclusion . The effects of pressure, temperature, and concentration on 
the various thermodynamic properties of solutions discussed in this paper 
are all in qualitative agreement with the current theories of the molecular 
distribution in water. A comparison of the thermodynamic properties of 
sodium bromide in water and in glycol indicates that the contractions on 
mixing, the thermal expansions, and the energy-volume coefficients of the 
aqueous solutions at the lower temperatures are largely determined by the 
effects of short-range forces, and that the effects of ion-molecule interactions 
are only secondary. At higher temperatures the effects of short-range forces 
have a decreasing influence on these volumetric properties. Indeed, there 
is good reason to believe that, above 150°, the ion-molecule interactions and 
other long-range forces will play the significant part in determining the 
volumetric behavior of aqueous solutions and that simple regularities will be 
revealed that are masked at temperatures where most of our information is 
now available. 
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EXTRAPOLATION OF APPARENT MOLAL 
PROPERTIES OF STRONG ELECTROLYTES 


By Benton B. Owen and Stxjart R. Brinkley, Jr.* 

Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut 


Very soon after the appearance of the Debye-Hiickel 1 * 2 » 3 theory, it was 
recognized that the equations! 


log h = 


-S/c* 

1 + Kd 


+ Be 


Sf = 0.4343 - (2vj 2 )) 3 ( — 5^4 Y 
v K 3 v \1000 (kDT)*/ 

/„ ( 4tt Ne V \ , \ 

{mmf) ac = Ac 


(1) 

( 2 ) 

(3) 


adequately represented the available activity coefficient data 6 for binary 
aqueous solutions of simple strong electrolytes, and that the inclusion of 
higher terms 6 - 7 in the development of the theory would permit its applica¬ 
tion to solvents of lower dielectric constants, and to electrolytes of more 
complex valence types. Equation 1, or its counterpart in terms of the 
osmotic coefficient, has long been generally employed for both interpolation 
and extrapolation of activity coefficient, or osmotic coefficient, data. 

Equations for other thermodynamic properties can be derived from this 
equation by appropriate differentiation. Two such equations, which we will 
have occasion to use, represent the relative partial molal volume and 
relative partial molal heat content. These equations 8 


V 2 - V° 2 


s.* , 

1 - k a 


WyC 

(1 — «a) 2 


+ K v c 


(4) 


Hi - III = 


Sir* 1 

1 +«a 


W B c 

(1 + 


+ K b c 


(S) 


contain the theoretical limiting slopes 

S„ = 2.303vRTS/ 3 - (6) 

Sir = - 2.303?J?T* S/ ~ + ^ + *«] (7) 

derived by differentiation of §/c\ The symbols a and /S represent the ex¬ 
pansibility and compressibility, — d In c/dT and d In c/dP, respectively. 
The terms containing the coefficients 


* Present address: U. S.Bureau of Mines.Pittsburgh,Pa. _. ^ ^ 

t For glossary of symbols not defined in this paper, consult Harnhd,H. S., & B. B.Oweh. 4 
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W. -2.303 vRTSfA' * - 

o , 9 In a] 

2 ae \ 

(8) 

W B = 2.303vRT*S f A' J [ 9 ^ + 

1 , 9 a In al 

T + a ~ 2 a r J 

(9) 


result from the factor (1 + m) in equation 1, and the last terms, K v c and 
K h c, contain the derivatives of Be. 

Equation 5 has been employed, with an additional empirical term, by 
Hamed and Ehlers, 9 to represent relative partial molal heat contents derived 
from electromotive force data, but we are not aware of any application of 
equation 4 except in very abbreviated forms. Later, we shall illustrate 
the evaluation of the terms in both of these complete equations 4 and 5 
after we have derived expressions for the corresponding apparent molal 
properties which are more closely related to measurable volume and heat 
effects. 

In the derivation of these expressions, which, in alternative forms, will 
appear as equations 22 and 23, and 35 and 36, detailed consideration will 
be given only to those terms corresponding to the first two terms of the 
right hand members of equations 4 and 5. These theoretical terms contain 
no parameters which must necessarily be evaluated from volume or heat 
data on solutions, for the ^-parameter is calculable by equation 1 from 
activity coefficients. The final terms, \K v c and \KhC, contain empirically 
adjustable parameters which can, for the present, be evaluated only from 
volume and thermal effects of some kind. These terms correspond to K v c 
and KhC in equations 4 and 5 and are, in fact, derivable from them. They 
will be introduced in the last step of the derivations of our final equations. 
This procedure can be justified a posteriori , and it will simplify the treatment 
considerably. 

Derivation of the Equations 

For a solution containing n\ moles of solvent and n% moles of electrolyte, 
it can be shown 1 that the Coulomb forces between the ions contribute the 
amount 

A F(et) = ricZvjz) (10) 

to the free energy of the solution. The function r is defined by 

T “ i Ja* - na + In (1 + ««)] (11) 

= 1 — f Ka + — • * •; 1. (11a) 

The electrolytic contribution to the volume and enthalpy of the 
can be obtained from AF(eZ) by the thermodynamic equations 
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»<* - C-^X 

AH (fit) = -p( —$ /T ) r . (13) 

For the binary solution postulated, we can identify AV(el) and A H(et) 
with the total departures of the ionized solute from ideal behavior with 
respect to volume and enthalpy, and write 

A V(el) = (niVi + n^/> v ) — (n\V 1 + w 2 tf>S) = (<f>* — <I>1) (14) 

AH (el) = (fi\H\ + » 2 <£jsr) “ (nHi + Uz^b) = n%(<t>H — <£h) . (IS) 


The combination of equations 10 through 15 then yield the expressions 


o e 2 iV r 9 In kq> d In Da 1 

~ ~dP~ ~ T J K 

, ,o n, eN _ 2 r alnm T d In Dal 

T w *’■' z ‘ I'-w-- T -ir-J' 

where the function <r is defined by 


d(rica) 

dua 


(16) 

(17) 

(18) 


It follows from equations 18 and 11 that 

<r = — [i + *a - -2 In (1 + ko) 1 (19) 

ica* L 1 + tea J 

= 1 — £ica + £ k a 2 — • • * ; < 1 (19a) 


and equation 3 leads to 

d In _ lalnZ^.l , d In a 

IP 2 ItF" + 2 P + “aP~ 

d In _ lalnZ) 1 1 , a In a 

dT 2 dT T 2 “ + ar ' 


( 20 ) 

( 21 ) 


By combining equations 16 through 21, properly rearranging terms in 
r and or, and introducing the empirically adjustable terms, \K v c and \K B c, 


referred to above, we obtain 

*»-*!- IS, rc* + Wv 6c + iK, c (22) 

<f>B “ <f>% = 4* ^ Wb6c 4* $KbC. (23) 

The function 0 is defined by 

== 1 — |ko + V**®* — • * •; ko <, 1. (24a) 
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It is useful to note the similarity and differences between equations 4 
and 5 for partial molal properties and equations 22 and 23 for the cor¬ 
responding apparent molal properties. The effects of the a-parameter 
appear as the functions r and 6 in the latter equations and as (1 + Kd)~ l 
and (1 + Ka )~ 2 in the former. The characteristic coefficients of the various 
terms are, however, identical except for the numerical factors | and 
To justify the introduction of the terms \K v c and \K B c into equations 
22 and 23, it is sufficient to show that these equations can be derived from 
equations 4 and 5. It follows from definitions that 


4> v — — 

1 

r m — 

/ (F,- 

Vl) dm 

(25) 

m 

Jo 



II 

°-e! 

1 

■S 

1 

pm 

/ (ffi- 

Hi) dm 

(26) 


m . 

Jo 



m = 

c 

do 

1 C0O 

1000- ■ 

(27) 


For concentrations so low that c<f>*/ 1000 is negligible compared with unity, 
it is not difficult to substitute equations 4 and 27 into equation 25, or 
equations 5 and 27 into 26, and obtain equations 22 or 23, by integration. 
For higher concentrations, the forms of the general integrals are too compli¬ 
cated to be of much practical use, but it can be shown by expansion in series 
that the terms \K v c and \K b g satisfactorily represent the integrals, 

1 r m i r m 

- / K v cdm and - / K ff c dm 
tn Jo m Jo 

for simple electrolytes at concentrations up to about 1 molar. 

Equations 22 and 23 can be employed for extrapolation by rewriting 
them in the forms 

[*. - - ilVJc] = 4>l + \K v c (28) 

[4>a — 4>h — § Sjbti? — iW ndc\ = <j>% — <p H + \Kuc. (29) 

In the last equation, <j> B represents the apparent molal heat content at some 
convenient experimental concentration to which all heats are temporarily 
referred pending extrapolation. It is clear that plots of the left hand mem¬ 
bers of these equations should be straight lines. The intercepts of these 
lines at zero concentration are <t>l and <f>% — 4 > r a , and the slopes are \K V and 
\K h . This procedure has the advantage that it evaluates all of the coef¬ 
ficients, both theoretical and adjustable, which appear in equations 22 
and 23 for the apparent molal properties and in equations 4 and 5 for the 
partial molal properties. It has the disadvantage of being unnecessarily 
laborious when one is interested primarily in extrapolation. 

More convenient expressions for extrapolation can be derived from 
equations 16 and 17 by making use of the relation 
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2r + cr = 


3 

1 + Ka 


(30) 


in regrouping the terms within the brackets. Thus, by combining equation 
30 with equations 16 through 21, and introducing the empirically adjust¬ 
able terms, \K v c and \K n c, we obtain 


+ 2.303vRT5/A + i K » c 

** ~ ** = - 2 . 303 ^ 2 % [ j - 1 - + 1 } + \ «]« 

+ 2.303vRI*$fA '+ HV. 


The practical advantages of these equations over equations 22 and 23 will 
become apparent when we undertake to evaluate the various terms within 
the brackets. In the first place, we will assume* that both d In a/dP and 
d In a/dT are zero. This completely eliminates the terms in 6c from 
equations 31 and 32, but merely alters the coefficients, W v and W B , of the 
terms in 6c of equations 22 and 23. In the second place, the coefficients 
of c* in equations 31 and 32 must reduce to f §„ and fSj at infinite dilution, 
so it will be convenient to introduce these limiting slopes by means of 
equations 6 and 7 and obtain 

(/> v — 4>v — -fSuOflC* + %K v c (33) 

<1>h — = J-Sfl&jffC* + %KhC (34) 

Consequently, our final equations in the forms which we find most con¬ 
venient for extrapolation are 

[<j} v — ■§§* Qv c 1 ] bb $1 + %K V c (35) 

[<t>H — <t>n — = <t>H "™ <t>s^rhKsC. (36) 


As before, 4>h is the apparent molal heat content at some temporary reference 
concentration. Plots of the left hand members of these equations against 
c should be straight lines and permit easy extrapolation. It will appear 
later that the labor of calculating and is less than that involved 
in evaluating the corresponding pairs of terms in equations 28 and 29. 

The new functions, Q v and Q, n , are defined by 


* The a-parameter is known to be very insensitive to temperature (See ref. 9, for example), and its varia¬ 
tion with pressure is unknown. 
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Qb = [rr^{^ > + ?} + 5 a ][^ + f + i “] ■ (38) 


Although Q v and become unity at infinite dilution, they decrease rather 
rapidly with increasing concentration, and this decrease is the more rapid 
the more dilute the solution. For example, in 0.01 normal KC1 solution, 
£2* is about 0.8. This is a result of practical importance, for it shows that, 
at almost the lower limit of useful measurements of <j> v , the theoretical value of 
d<f> v /dc a is already 20 per cent lower than the limiting value, The 

commonly observed linearity of plots of <£» against £ has proved so conven¬ 
ient and satisfactory for the empirical treatment 10 * 11 of density data that 
it seems to have removed the incentive for a proper application of the Debye- 
Htickel theory. When very precise data became available in dilute solutions, 
it was found 12 that the addition of a term linear in c was necessary, but the 
0 -parameter was disregarded. In all of these previous studies of 4> v as a 
function of concentration, it was found that the observed value of d<f> v /dc* 
differed considerably from |S„ calculated by equation 6. We will show 
later that this apparent disagreement with theory was due to the incomplete 
application of theory brought about by disregarding the 0 -parameter. 
Scatchard and Epstein 13 appear to have been the only writers who attempted 
to use the 0 -parameter in representing , but the development of their final 
equation involved so many approximations that they were led to conclude 
that “... the form we have chosen for the electrostatic term is not helpful, 
for the deviation from the limiting law is smaller than that from our expres¬ 
sion, and it may be represented more closely by a term linear in m” 

The treatment of accurate heat data has also been incomplete, but in 
quite a different manner. In this case, the 0 -parameter was relied upon 
wholly to represent the departures from the limiting law, and the linear 
term in c was disregarded. Here, also, the experimental data appeared to 
be represented 14 * 15 satisfactorily. Unfortunately, the magnitudes of the 
a-parameters required were in disagreement with the magnitudes derived 16 
from activity coefficient data for the same salts by equation 1, Here, 
again, this apparent disagreement with theory is due to its incomplete 
application, which involves, in this case, neglect of the term linear in c. 

By means of a few simple applications, we propose to show that both the 
0 -parameter and the term \Kc make important contributions to the depar¬ 
tures from the limiting laws within the experimental range of “dilute” solu¬ 
tions, and that the neglect of neither one nor the other is permissible in a 
treatment which pretends to be reasonably complete. In order to do this, 
however, we must carefully consider the numerical evaluation of the theoreti¬ 
cal coefficients S*, W v , etc. 


Evaluation of the Coefficients 

The coefficients §s and We can be calculated with reasonable accuracy 
because the temperature variation of the dielectric constant and the expansi- 
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bility of water have been the subject of several careful studies. In calculat¬ 
ing the values recorded in table 1, we used the equation of Wyman and 


Table 1 


Theoretical Coefficients for Uni-Univalent Electrolytes * 


t° 

S, 

A®? 

a 

iS. 

a 

iS B 


h 

0 

.4883 

.3241 

2.467 

.0594 

339.5 

28.73 

-.0222 

5 

.4921 

.3249 

2.456 

.0593 

362.3 

29.13 

+ .0051 

10 

.4960 

.3258 

2.457 

.0595 

387.0 

29.78 

.0275 

15 

.5002 

.3267 

2.468 

.0599 

413.5 

30.65 

.0462 

20 

.5046 

.3276 

2.488 

.0606 

441.7 

31.70 

.0619 

25 

.5091 

.3286 

2.517 

.0615 

471.8 

32.93 

.0752 

30 

.5139 

.3297 

2.555 

.0626 

503 7 

34.30 

.0866 

35 

.5189 

.3307 

2.601 

.0640 

537.5 

35.85 

.0966 

40 

.5241 

.3318 

2.655 

.0655 

573.3 

37.54 

.1054 

45 

.5295 

.3330 

2.717 

.0673 

611.4 

39.38 

.1130 

50 

.5351 

.3341 

2.787 

.0692 

652 1 

41.43 

.1196 

12.5 

.4981 

.3262 

2.461 

.0597 

400.0 

30.19 

.0373 

18 

.5028 

.3273 

2.479 

.0603 

430.2 

31.27 

.0559 

Factor 

2,3/2 

v J 


2/8/2 

v J 

P 

If! * 

v J 

P 

1 


* For electrolytes of other valence types, multiply the figures in the table by the proper factor given in 
the last line, / represents the valence factor 

In using this table, it is necessary to express <p v in cc. per mole, $ a in 15° calories per mole, and a in cm. 


Ingalls 17 to evaluate d In D/dT, and the Tilton and Taylor 18 equation to 
evaluate a from the data of Chappuis. 19 For the fundamental physical 
constants, e, N, k, T, etc., we used the values recommended by Birge. 20 

For evaluating the coefficients § v and W v , several series of measurements 
of the compressibility of water are available. We have chosen the results 
of Gibson, 21 which cover a wide temperature range and have been expressed 
in terms of the Tait 22 equations 


v 

v 1 


1 - 


(C/v 1 ) log 



0 _ 0.4343(C/s I ) 
P B + 1 


(39) 

(39a) 


where v and v 1 represent specific volumes at the pressure P and at 1 bar, 
respectively. The quantity 0.4343(C/V) is equal to 0.1368 for water, and 
can be considered independent of temperature. B } expressed in bars, varies 
with temperature according to the equation 28 

B = 2996 + 7.5554(* - 25) - 0.17814(* - 25) 2 + 0.000608)* - 25) 8 . (40) 


A few years ago, the authors demonstrated 24 that similar equations 


Z? 

D 


-UD>)I» g (|±|) 


1 


(41) 
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a In D _ 0.4343C4D 1 ) 

dP B+ 1 K } 

could express the pressure variation of the dielectric constants of a wide 
variety of liquids. D and D l represent the dielectric constant at P and at 
1 bar, respectively. It was also shown that the parameter (AD 1 ), which is 
analogous to (C/v 1 ) of equation 39, is essentially independent of tempera¬ 
ture, and that the value of B for any given liquid is the same as that derived 
from the Tait Equation (39a) and compressibility data. 

Unfortunately, the only extensive measurements of the dielectric constant 
of water under pressure are those of Kyropoulos 25 at the single temperature 
20°, and at only six pressures above atmospheric. Until these measurements 
are repeated and extended to other temperatures, we seem to have no choice 
but to employ equation 41 and assume that water behaves enough like other 
liquids for ( AD 1 ) to be independent of temperature. Accordingly, using 
the value of B given by equation 40 at 20°, converting the pressures to 
bars, and multiplying the dielectric constants by 80.362/80.790 to correct 
to modem standards, 17 the data of Kyropoulos lead to the value 0.1754 for 
the quantity 0.4343 (A D 1 ). This value was used in the evaluation of § v 
and W v at all temperatures recorded in table 1. 

An interesting and very convenient consequence of the common denomina¬ 
tor of equations 39a and 41a is that the function Q v is given by 


Q, = ^11 ~ 0.3513<r (42) 

1 + Kd 

at all temperatures. The corresponding function, £2*, which can be written 
in the form 



varies with the temperature. Values of h are included in table 1. 

Small tables of the functions <r and r are available in the literature, 1 ’ 4 * 15 * 26 
but the intervals are too large for accurate interpolation. Scatchard and 
Epstein 18 have constructed a table of Z = a kg/ 3 at even intervals of y = 
kg /( 1 + kg ) which is suitable for linear interpolation, and which permits the 
calculation of both cr and r. One of us (Brinkley) has prepared an extensive 
table of <r and r at even intervals of m which may be published elsewhere. 


Illustrative Examples of Extrapolation 

Figube 1 illustrates the extrapolation of the heats of dilution of sodium 
chloride, a typical strong electrolyte. The circles represent apparent molal 
heat contents, relative to <j> s at c = 0.1, calculated from the data of Robin¬ 
son. 27 The curve drawn through the circles is the customary plot against 
Cf drawn so as to merge with the limiting law (L. L.) just below the experi- 
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3C or ct 

Figure 1. Relative apparent molal heat content of sodium chloride at 25*. —O —4>h — <t>H f against eh 
— — 4>b — <t>H' against SIhc^ ; —%—4>h — — 471 80# c* againstc. 4m* at c — 0.1. 


mental concentration range. The broken line indicates where this curve 
would lie if instead of c* had been used as abscissa. In the calculation 
of Qjr, and of Q v in all subsequent figures, we used values of the a-parameters 
which Robinson and Hamed 16 obtained by fitting equation 1 to the best 
available activity coefficient data. 

The filled-in circles in figure 1 represent the left hand member of equa¬ 
tion 36 plotted against 3c.* It is clear that a straight line represents these 
points over the entire experimental range and permits a very satisfactoiy 
extrapolation. From the slope and intercept of this line, we find that 

<I>b - 4>b - 471.8^* + 217c; a = 4.0 X 10"* (44) 


for sodium chloride at 25°. 

Figure 2 illustrates the extrapolation of the apparent molal volume of 
sodium chloride. The circles represent values of <j> v calculated from the 
data of Kruis 28 and plotted against c*. The curve through these points is 
drawn to merge with the limiting law. The 5-shaped nature of this curve is 
barely discemablef on the plot. It has been common practice to overlook 
this inflection, and to draw the best straight line through a very considerable 
concentration range, and to use this line for extrapolation. As can be seen 
from the figure, this practice does not introduce a serious error into the 
evaluation of 4>° v for the examples chosen, but it completely obscures an 
important feature of the concentration dependence of <j> v • The broken line 
shows where the plot of <f> v against £2*c* would lie. This curve does not pass 
through an inflection, and merges more rapidly with the limiting law than 


* The scale factor 3 Is introduced for convenience in this particular.plot. , , ., _ _ 

t This feature is more clearly observed in the plot of <f>v against c* for strontium chloride. See H. S. 
Harmed & B. B. Owsm< Op. cti.i 256. 
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c or c k 

Fiqttbr 2. Apparent molal volume of sodium chloride at 25°. —0— 4>v against c h- <f> v against 0,^:*; 

—•— 4>v — 2.517Q® c* against c. 

the plot of <t> t against c*. The same value 16 of the ^-parameter, 4.0 X 10“ 8 , 
was used as in figure 1. 

The inked-in circles in figure 2 represent the left hand member of equa¬ 
tion 35 plotted against c. The straight line through these points leads to 
the equation 

4>v = 16.538 + 2.517Q„c l + 0.76c; a = 4.0 X 10" 8 (45) 

for sodium chloride at 25°. 

A similar set of curves for potassium chloride is exhibited in figure 3, 



C wCT 


Fxgvbb 3. Apparent molal volume of potassium chloride at 25°. —0— <f>* against e* ;- <h q g^nat 

— 2.5170* e* against e. 
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based upon the very precise data of Geficken and Price. 12 The concentra¬ 
tion range in this case is greater than that of figure 2, and the plot of 
<t>v — 2.517 against c is a straight line over the entire range. The equa¬ 
tion of this line is 

4>„ = 26.742 + 2.517%c* + 0.85c; a = 3.8 X 10 -8 (46) 

for potassium chloride at 25°. The independently determined 16 value of 
the ^-parameter, 3.8 X 10“ 8 , is remarkably satisfactory in representing 
the data. 

It should be pointed out, however, that, from a purely numerical point 
of view, the data for sodium chloride, potassium chloride, hydrochloric acid, 
and several other uni-univalent electrolytes can be treated almost equally 
well by neglecting the o-parameter and using an empirical slope of about 
1.86 to 1.90, or by retaining the o-parameter and using the theoretical 
limiting slope, 2.517. The intercepts, <t >° v , are not the same by the two 
methods of extrapolation. For sodium chloride, potassium chloride, and 
hydrochloric acid, the empirical extrapolations yield values of <t>° v about 
0.07 cc. higher than the theoretical. For complex valence type electrolytes, 
this difference would probably be much greater. We have omitted such 
electrolytes from our illustrative extrapolations so as to avoid complications 
due to the extended terms. 6,7t 15 

Finally, figure 4 shows, on a magnified scale, the extrapolation of <j> v 



Figure 4. Apparent molal volume of hydrochloric acid at 25°.-Uncertainty corresponding to an 

experimental error of d=5 X 10“ T in the density. 


for hydrochloric acid calculated from the data of Redlich and Bigeleisen. 29 
With the a-parameter taken as 4.4 X 10 -8 from activity coefficient data. 16 
the straight line extrapolation in the figure leads to the equation 

= 17.755 + 2.517 I2„c 4 - 0.32 c; a = 4.4 X 10 -8 


(47) 
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for hydrochloric acid at 25°. The broken lines are error curves showing 
the deviations from the straight line which would result from an error of 
±5 X 10 -7 in the original density measurements. Redlich and Bigeleisen 
chose to represent their results by the equation 

<t> v = 17.830 + 1.86 c } - 1.15 c; a = 0 (48) 

which neglects the ^-parameter and makes use of an empirical limiting slope, 
1.86, based upon their data. Their extrapolation leads to the value of <j>° v 
indicated by the arrow on figure 4. It relies largely upon the points at the 
highest dilutions grouped on the high side of the error curve, and requires 
a much lower value of the limiting slope 80 than the theoretical value, 2.517, 
calculated from the properties of water. 

This leads us to conclude that, for precise extrapolation of apparent molal 
properties, one should not depend wholly upon the limiting law and results 
at very high dilution, but should apply a more complete theoretical treat¬ 
ment of the data at moderate dilutions. 
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THE SURFACE TENSIONS OF AQUEOUS 
SULFURIC ACID SOLUTIONS 

By T. F. Young and S. R. Grinstead 

George Herbert Jones Chemistry Laboratory , University of Chicago , Chicago , Illinois 

The surface tension-composition isotherms of aqueous sulfuric acid solu¬ 
tions contain several interesting anomalies, shown in figure 1 . The curve 
for 18°C. was determined long ago by Rontgen and Schneider, 1 who employed 
the capillary height method in an investigation of solutions of a large num¬ 
ber of electrolytes. Their measurements showed that the surface tensions 
of dilute solutions differ very little from that of pure water at 18 C C. and that, 
as concentration is increased, the surface tension rises rapidly to a broad 
maximum and then drops sharply. The curves for 0°, 30°, and 50°C., 
shown in figure 1, were obtained from the work of Morgan and Davis, 2 
who made three long series of drop weight determinations. Though their 
work was done before the drop weight method had been developed, 3 they 
recorded their precise observations in sufficient detail to permit calculation 
of surface tensions (Young and Harkins 1 ). The measurements of Morgan 
and Davis revealed an interesting minimum in the surface tension curve at 
0 C C. Their curves at higher temperatures, however, do not exhibit minima, 
and lead to the question: Does the minimum merely become less prominent 
as temperature rises, or does it disappear entirely? That the maximum 
becomes more prominent and moves to higher concentrations as temperature 
rises is shown by the four curves of figure 1. 

It is the. purpose of this paper to describe an attempt to explain these 
anomalies and to present semiquantitative theoretical calculations of the 
positions and magnitudes of the minima and the maxima at various tem¬ 
peratures. 

Electrolytic Dissociation as an Explanation of the Properties of Sulphuric 
Acid Solutions. Several properties of dilute and moderately concentrated 
sulfuric acid solutions have been successfully explained by treatment of 
those solutions as mixtures of solvent, sulfate ion, bisulfate ion, and hydrogen 
ions. Sherrill and Noyes 5 have explained the conductance of dilute solu¬ 
tions of sulfuric acid by treating them in that way, and were able, thus, to 
make a satisfactory determination of the dissociation constant of the 
HSO 4 " ion at 2S°C. 

A similar point of view is to regard the solute, H2S04, as a mixture of the 
three solutes: (1) an acid which is completely dissociated into sulfate ions 
and hydrogen ions; (2) an acid completely dissociated into hydrosulfate ions 
and hydrogen ions; and (3) a solute which is not ionized at all. To facilitate 
a discussion in these terms, the formula H-H-S 04 will be used to represent 
that portion of the sulfuric acid which is dissociated into hydrogen ions and 
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Figure 1 . Surface tension (dyne/cm ) of aqeuous sulfuric acid solutions, versus weight per cent acid 


sulfate ions; the symbol H-HSQ* will denote the other ionized solute; and 
the formula • HHSO4 will denote the undissociated acid. The concentration 
of H-H*S04 is the SCh” concentration, the concentration of H’HSCh is 
the concentration of HS04~. The customary formula, H2SO4, will denote 
as usual the mixture of molecular and ionic species actually present in a 
real solution of H2SO4 in water. The stoichiometric concentration of H2SO1 
is obviously the sum of the respective concentrations of H-H-S04, H-HS04, 
and -HHS 04 . 

Klotz and Eckert 6 have been able in this manner to explain the rapid 
variation with dilution of the apparent molal volume of sulfuric acid in 
dilute solutions. They derived a curve to represent the sum of the apparent 
molal volumes of SO 4 - and twice that of H + , i.e., a curve to represent the 
apparent molal volume of H • H • SO4 (figure 2) . Another curve was deter¬ 
mined which shows the variation with ionic strength of the apparent molal 
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Figure 2. Apparent molal volumes (cm.Vmole) of sulfuric acid. The lowest line was calculated for 
H*H*SOi Experimental points, O, for H 2 SO 4 were derived from measured densities. The points □ were 
calculated for H-HSO* by means of equation 1 and available values of as, from the same densities. As 
expected, those points* lie close to a straight line drawn (empirically) to represent apparent molal volumes 
ofH-HSOi. 


volume of H-HSCU. With these, they computed a third curve for the 
mixtures which exist in real solutions of H 2 SO 4 . They employed the 
equation 

$(H 2 S0 4 ) = a 2 #(H-H-S0 4 ) + [1 - o^H-HSCh). (1) 

Here, $ represents the respective apparent molal volumes of H ■ H • S0 4 
andH-HS0 4 and the degree of dissociation of the HS0 4 ” ion. The top 
line of figure 2 shows the agreement of these authors' beautiful interpreta¬ 
tion with their precise experimental data. A similar but somewhat more 
complex calculation has been made of the heats of dilution of H 2 S0 4 in 
solutions more dilute than 0.2 molal. 7 Both of these calculations are based 
upon the observation that the apparent molal volume, and the apparent 
molal heat content, , of each solute are functions of the total ionic strength. 
Each apparent volume or heat content of the solute is regarded simply as 
the sum of the individual apparent molal quantities, each multiplied by the 
respective molality. 

The Surface Tensions of Ternary Solutions. If a similar treatment is to 
be possible for surface tension, it is necessary that a method be available 
for the calculation of the surface tensions of mixtures. Belton 8 has recently 
investigated that problem and found that the difference between the surface 
tension, 7 , of a solution and that of the pure solvent, 70 , is approximately 
equal to the sum of the increments produced by each of the respective solutes 
when present alone in the same solvent. Thus 

A7 * 7 — 70 - 2 A7* 


( 2 ) 
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Here, Ay t represents the surface tension increment due to the i th constitu¬ 
ent in a simple binary solution in which the concentration of that solute is 
the same as it is in the complex mixture. (Note the absence of an ionic 
strength effect.) When hydrogen ions and a second species of positive ion 
are both present, equation 2 fails. Hydrochloric acid, for example, reduces 
the surface tension of a sodium chloride solution much more than it lowers 
the surface tension of pure water. Equation 2 will be used here only for 
solutions which contain but one positive ion. 

Independent Contributions to Surface Tension of the Ionic Constituents of 
Binary Solutions. An additional principle is required for the complete 
treatment of real solutions of H 2 SO 4 as mixtures of the solutes: H-HSCXi and 
H-H-S0 4 . It is necessary to determine the surface tension of a hypotheti¬ 
cal solution containing the solvent and a single one of the (hypothetical) 
solutes at specified concentrations. It is necessary, for example, to estimate 
the surface tension of solutions containing only the solvent and H-H-S0 4 , 
i.e.j containing only hydrogen ions and sulfate ions, not bisulfate ions. 
Such a principle (equation 5) was evolved during an examination of repre¬ 
sentative surface tension data available in the International Critical Tables . 4 

Figure 3 exhibits a set of typical surface tension increment isotherms 
for 20°C. The lines characteristic of typical strong salts are nearly linear 
from very small to comparatively large molalities. The slopes of those lines 
are nearly independent of temperature; indeed, the temperature variations 
of the slopes are within the precisions of the respective measurements. The 
isotherms for HC1 and HNO s exhibit two conspicuous peculiarities. The 
slopes of those two curves are negative within the range investigated and 
change somewhat with composition. The variations of the surface tensions 
of acid solutions in the concentration range to which the theory of Onsager 
and Samaras 9 is applicable have not been determined. Fortunately, data 
for such high dilutions are not necessary for our immediate purposes. To 
avoid implications concerning the behavior of the various curves where m 
is veiy small, the slopes of the apparent tangents of the curves as w « 0 
might appropriately be termed “pseudo-limiting slopes.” The only other 
strong acids for which data are included in the International Critical Tables 
are HBr and H 2 SO 4 . The curve for HBr is similar to those for HC1 and 
HNO 3 . The behavior of H 2 SO 4 is clearly exceptional. 

There is an interesting relation between the various curves of figure 3, 
namely, the difference between the slopes of the NaCl and NaNOs curves 
is nearly the same as the difference between the slopes of the KC 1 and KNOs 
curves. The relationship between the values of A 7 characteristic of these 
four binary solutions of molality, m r is 

Ay(NaCl, m') - A 7 (NaN0 3 , m') - A 7 (KC1, w!) - A 7 (KN0 8 , tn'). (3) 

Although the A7-w relationship for the acids is not linear, an equation s imil ar 
to equation 3 applies. At any molality ntf 
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Figure 3 Surface tension increments, Ay, (dyne/cm) at 20°C of aqueous solutions of typical electrolytes. 


Ay(NaCl, m!) — A7(NaN0 3 , rri) — A7(HC1, m r ) — A7(HN0 3 , m f ). (4) 

These relationships may be summarized in the statement that the contribu¬ 
tions of the various ions to 7, or to Ay, are additive when there are but two 
species of ions in solution. For an electrolyte having the formula Mp+X,- 
in a solution of molality, m f 

Ay(Mp+Xp-, mf) = J^Ay(i } v % iri). (5) 

* 

Each Ay* in the sum must have the value characteristic of the molality, 
v x w! of the i th ion in the wl molal solution of My+X,-. Whenever equa¬ 
tion 2 is valid, it may be combined with equation 5. The surface tension 
of a mixture of electrolytes may then be computed from the Ay values 
characteristic of the constituent ions. 

Methods for the Calculation of the Surface Tensions of the Hypothetical 
Solutes H-H*S0 4 and H*HS0 4 . With the aid of equation 5, the surface 
tensions of solutions containing only a single hypothetical solute may be 
computed. That containing the solute H-H*S0 4 at the molality m f is 
given by 
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A7(H-H-S04,w') = A7(HCl,2w') + A7(Na 2 S04,w')-A7(NaC],2w'). (6) 

Since each mole of H«H-S0 4 consists of one mole of S0 4 “ and two moles of 
H + , the molality of HC1 and NaCl from which the respective values Ay 
are to be determined must have the value 2 m'. This fact is indicated in 
the equations by insertion of 2 w! to indicate m of the respective electrolyte. 
The surface tensions of Na 2 S0 4 solutions may be represented sufficiently 
well over the range of concentration and temperature investigated by the 
simple equation 

A7(Na 2 S04, m) = 2.73 m = 2.73 m'. (7) 

The surface tension of NaCl solutions may likewise be represented by 

A7(NaCl, m = 2 m') = 1.64 m = 3.28 w'. (8) 

Equations 7 and 8 may be substituted in equation 6 to yield a simpler 
equation for H-H-SCU 

Ay(H-H-S0 4 , m') - Ay(HCl, 2 m') - 0.55 m'. (9) 

In a similar manner, an equation may be written for the surface tension 
increment produced by the hypothetical solute H-HS0 4 

A7(H-HS0 4j m!) = A7(HC1, m!) + A7(Na-HS0 4 , m') - Ay (NaCl, m'). (10) 

The use of equation 10 depends upon information concerning A7 of the 
hypothetical solute Na-HS0 4 whose solutions contain only the two ions 
Na + and HSO4". Since the HS0 4 “ dissociates in all real solutions of NaHS0 4 , 
values of Ay cannot be determined by direct experiment. However, it is 
reasonable to assume that A7 of Na*HS0 4 , like that of other salts, is propor¬ 
tional to m and nearly independent of temperature. With the aid of that 
assumption, an equation similar to equation 9 may be written for H-HS0 4 . 

Ay(H-HSO,, m') = A 7 (HC1, m') + m'T. (11) 

The quantity T, which is defined by 

m'T = A7(Na-HS0 4 , m') — A7(NaCl, m') 9 (12) 

was determined empirically from the variations with composition of Ay 
of H;S0 4 in solutions in which the concentrations of H*H*S0 4 and -HHS0 4 
are relatively small. The assumptions just mentioned lead to the conclusion 
that T is independent of temperature and of molality. 

The contribution of the undissociated *HHS0 4 to the surface tensions of 
H 2 S0 4 solutions can not be calculated at the present time. Fortunately, its 
concentration is small in the solutions of greatest interest. The effect of 
•HHSO4 in concentrated solutions will be discussed qualitatively, below. 
A preliminary attempt to explain the anomalies in the curves of figure 1 



YOUNG & GRINSTEAD- SULFURIC ACID 771 

was unsuccessful. In the absence of adequate data for the surface tension 
of hydrochloric acid solutions at temperatures above and below 20 °, the 
assumption was made that Ay could be treated as independent of tempera- 
ture. The resultant estimate of the depth of the minimum in the surface 
tension curve for 0 ° was much too small; the calculated A 7 was less than 10 
per cent of the observed value. An estimate of the molality at which the 
minimum appeared was also seriously in error. 

Although several assumptions and approximate empirical relationships 
were involved in that calculation, the only one which seemed likely to be 
seriously at fault was the assumption of the temperature independence of 
Ay of HC1 solutions. Nearly all of the measurements upon which the tabu¬ 
lations in the International Critical Tables were based had been made at 
18° to 20°C. A series of values had been reported 10 for 16°, but these were 
not internally consistent and were useless in an investigation of the effect 
of temperature on surface tension. There were also two isolated measure¬ 
ments 4 of one molal solution at 0 ° and 30°C., but they did not appear to be 
reliable and it has since been shown that those two values of Ay are both low. 
The difference between them, however, strengthened the suspicion that Ay 
of HC1 solutions becomes more negative as temperature is lowered. In 
addition, recent measurements made at 25° by Belton 8 led to Ay values 
about half as large as those tabulated for 20°C. Since the best 18° to 20 ° 
work had been done well over fifty years ago, it was necessary that measure¬ 
ments be made at several temperatures, by one method, on the same set 
of solutions. 

Surface Tensions of Aqueous Hydrochloric Acid Solutions . Three new 
series of measurements were made in this laboratory by Young, Runge, and 
Grinstead . 11 The method employed was the drop weight procedure de¬ 
veloped by Harkins and Brown . 3 It was shown that the weights of drops 
falling from sharp, carefully ground tips are accurately reproducible when 
each drop is carefully enlarged, just prior to its fall, under conditions closely 
approaching a static state. From the weights, precise surface tension values 
may be computed for liquids varying widely in viscosity, density, surface 
tension, etc. 

The new data are shown in figure 4. The radii of the circles correspond 
to a precision of 0.1 per cent in y . The agreement (to about 0.05 per cent) 
of a single measurement with the 25° bubble pressure data of Belton 8 is 
excellent. Moreover, the old International Critical Table curve for 20° is 
less than 0.1 per cent lower at 5 molal and only about 0.25 per cent lower 
at 8.4 molal than the new curve. This agreement is in part a fortuitous 
result of the curve which Young and Harkins 4 drew through the points 
representing the older work. The uncertainties in temperatures alone in 
the very old work could account for the small discrepancies observed. The 
general agreement of the three methods—capillary height, bubble pressure, 
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MOLALITY 

Figttre 4. Surface tensions (dyne/cm.) of aqueous HC1 solutions. Dashed line shows surface tensions 
of NaCl solutions, for comparison. 


and drop weight—and the reproducibility of the solutions prepared through* 
out a period of seventy years is entirely satisfactory. 

The rapid variation of A7 with temperature is remarkable in view of the 
fact that the variations in the increments due to other electrolytes are smaller 
than experimental error. At 0°C., Ay of dilute HC1 solutions is about five 
times the corresponding increments at 25°C. At 40°C., A7 is actually 
positive for all values of m less than 8.5 molal. At 0°C., where the effects 
are largest, the curve is nearly linear. 

Measurements were made only at 0°, 20°, and 40°. Values for 18° are 
needed for the proposed calculations. These were interpolated by means 
of quadratic equations and are shown in table 1. A single value due to 


Table 1 

Ay or HC1 Solutions at 18°C. 


m 

0.45 

isi 



3.87 

5.00 

6.08 

8.44 

17.7 

Ay 

-.I 65 

-.27. 

-.42 

-.67 

-.89 

-1.08 

-1.41 

-2.00 

-6.8* 


* From Quincke. 


to Quincke 12 for a 17.7 molal solution was taken from the 20° table of the 
International Critical Tables . 

Empirical Equations for the Calculation of Ay of H-H-SO* and H’HSO*. 
Sufficient data were now available for the completion of the calculations 
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of Ay of H-H*S0 4 . To obtain A7 of an H*H• S0 4 solution of molality m!, 
values of Ay for HC1 of molality 2 m r were substituted in equation 9. Since 
Nw, the weight normality, :: is the same for these two solutions, it is conven¬ 
ient to compare them at selected values of Nw. Column 1, in table 2, 


Table 2 

Ay of Aqueous Solutions at 0°C. 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

N„* 

HC1 

H-H-SO t 

h-hso 4 

Na-HSOi 

wof H-H*S0 4 

.45 

-0.32 

-0.44 

+0.085 -| 

+1.14 

0.225 

.92 

-.63 

-.88 

.20 

2.34 

.46 

1.56 

-1.04 

-1.47 

.36 

3.96 

.78 

2.73 

-1.62 

-2.37 

.84 

6.93 

1.36s 


* Nw is the molality for all solutes except H-H-SO* 


contains values of Nw, column 2 contains Ay’s of HC1 and column 3 shows 
the newly calculated Ay’s for H-H-S0 4 . The corresponding molalities of 
H-H-S0 4 are in column 6. Similar calculations were made for 18°, 20°, 
30°, and 40°. Those for 18° will be needed in our subsequent calculations 
and are shown in columns 1, 2, 3, and 6 of table 3. 


Table 3 


Ay of Aqueous Solutions at 18°C. 


a) 

(2) 

(3) 

(4) 

(5) 

( 6 ) 

Nw 

HC1 

H-H-SCh 

H-HS0 4 

Na*HS0 4 

m of H*H-S0 4 

.45 

-O.I 65 

-0.29 

+0.15 

+1.14 

0.225 

.92 

-.27s 

-.53 

.37 

2.34 

.46 

1.56 

-.42 

-.85 

.67 

3.96 

.78 

2.73 

-.67 

-1.42 

1.24 

6.93 

1.36 


A7 of the hypothetical solute H*HS0 4 was then computed in a similar 
manner by means of equation 11. The results are in column 4. For 
comparison, A7 calculated for hypothetical Na-HS0 4 is given in column 5. 
Both of these calculations were based upon a value for T (cf. equations 11 
and 12) of 0.9. This value was determined from the slopes of the experi¬ 
mental Ay-m curves in concentration regions in which H-HS0 4 seems to be 
the principal solute. 

The First Test of the Theory of the Anomalous Surface Tensions of H 2 S0 4 
Solutions . The most significant test to be applied to the proposed explana¬ 
tion of the anomalies in the curves of figure 1 is a comparison of the curves 
calculated for H*H*S0 4 with the experimental curves for H 2 S0 4 . The 

* Equivalents of solute per kilogram of solvent. 
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comparison is made in figure 5, where the heavy lines represent experi¬ 
mental values of 7 of H2SO4 solutions and the short lighter lines the curves 



Figure 5. Surface tension (dyne/cm.) versits m (mole per kilogram of solvent.) The four heavy lines are 
experimental curves for H 1 SO 4 at 0 °, 18°, 30°, and S 0 °C. The symbol O denotes data of Rontgen and Schnei¬ 
der-# denotes surface tensions calculated from measurements of Morgan and Davis 

The short lines are calculated isotherms for the hypothetical solute H-H-SO< at 0 °, 18°, 30°, and 40°C. 

calculated for H-H-SOi- At each temperature, a 2 , the degree of dissocia¬ 
tion of the HSO4- increases toward unity as molality is reduced. At suffi¬ 
ciently low concentrations, therefore, the slope of the experimental curve 
should approach that of the calculated curve. The approach should be 
more rapid at low temperatures, because the second dissociation constant, 
K 2 , of sulfuric acid increases as temperature is lowered. 7 ' 13 At 0°C., where 
K* is relatively large, and where Ay of H-H-S0 4 is large and negative, the 
experimental curve exhibits a prominent minimum, as it must if it is to be¬ 
come tangent to the theoretical curve. At 50°C., however, the calculated 
values of Ay are all positive. There is, therefore, no reason to expect that 
the experimental curve should possess a minimum , and there is no indication 
in the data that it does. A point of inflection, however, is to be expected 
and it is apparent in the experimental curve. At 18°, the comparison of 
calculated curves with experiment is more difficult, because 18°C. is close to, 
though below, the temperature at which the “pseudo-limiting slope” of the 
H-H-SO* curve changes sign. A minimum is to be expected, therefore, but 
it should be almost undiscemible and close to the molality axis. At sligh tly 
higher temperatures, as Ay of H-H-SOi changes sign, the minim um should 
disappear entirely. The data for 18°C. and 30°C. are in accord with these 
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expectations. They are not adequate, however, to determine the existence 
or absence of a shallow minimum at 18°C. 

The theory can be tested further by a calculation of the position and 
depth of the minima at 0° and at 18°. For that purpose, it is necessary to 
estimate concentrations of S0 4 " and HS0 4 ”. The second dissociation con¬ 
stant of H 2 SO 4 has been measured between 5° and 55°C. in a recent investiga¬ 
tion of Young, Klotz, and Singleterry 7 {cf. Hamed and Owen 18 , pp. 429 
and 580.) From their equations, values of K 2 at 0° and at 18° were com¬ 
puted. They are .0201 and .0124, respectively. For the computation of 
ion concentrations, it is also necessary to estimate the quotient y R in the 
equilibrium equation 

Here, M represents the stoichiometric molality of H 2 S0 4 minus the molality 
of the undissociated acid, -HHSCU. In all except very concentrated solu¬ 
tions, M and m are nearly equal and may often be used interchangeably. 
y R represents the product of the activity coefficients of H + and S0 4 “ divided 
by the activity coefficient of HSOr*. The symbol 7 will be used in associa¬ 
tion with activity coefficients only when it carries the subscript R. The 
subscript will avoid confusion between the two roles customarily assigned 
to this single symbol. 

The Activity Coefficient Ratio: 

Theoretical Calculations. For very dilute solutions, the activity co¬ 
efficients of each ion may be computed approximately as Kielland 14 has done 
from the Debye-Hiickel 18 theory and reasonable values of the parameter, a. 

Conductivity Data. For somewhat more concentrated solutions, a 
small table of values of y R has been calculated by Bray and Liebhafsky . 16 
They based their calculations on the theoretical analysis made by Sherrill 
and Noyes 5 of the conductivity data of Noyes and Stewart . 17 

Intensities oe Raman Lines. For the most concentrated solutions, 
y R may be computed from the intensities of three Raman lines studied by 
Rao . 18 Rao ascribed the lines of 980, 1043, and 910 wave numbers to SO4", 
HSOr, and undissociated sulfuric acid, respectively. He measured the 
relative intensities of each line produced in sulfuric acid solutions of various 
concentrations. He also measured intensities of the line of 980 cm ." 1 
arising from 3 molar (NH^SO* and 3 molar KHSO4 and of the 1043 cm ." 1 
line from 3 molar KHSO4. Rao’s calculations were incorrectly made {cf. 
Redlich 19 ), but from the tabulated intensity data, concentrations of undis¬ 
sociated sulfuric acid and the concentrations of each of the ions were com¬ 
puted. The concentrations and intensities are shown in table 4 and in 
eigtjre 6 . Rao did not report the temperature of his solutions, but stated 
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Table 4 

Relative Intensities oe Raman Lines and Concentrations Calculated from Them 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

c 

I 

c 

I 

c 

/ 

c 

H 2 S 04 

980 cm" -1 

S04- 

1043 cm" 1 

HS04- 

910 cm" 1 

•HHS04 

16.9 



860 

1.28 

2330 

15.6 

14.9 



1800 

2.68 

1700 

12.2 

12.8 



3120 

4.64 

1150 

8.2 

10.8 

11.8 

.25 

4350 

6.48 

765 

4.07 

8.7 

15.2 

.32 4 

4412 

6.57 


1.81 

6.8 

13.0 

.27 7 

3678 

5.49 


1.03 

3.0 

6.5 

.13s 

1800 

2.68 


.18 

(NHt)j SO. 







3.0 

140.5 

3.0 





KHSO 4 







3.0 

8.7 

.is. 

1890 

2 . 8 I 5 

8.7 



(1) Stoichiometric Concentrations (mole/liter of solution) of electrolytes; (2), ( 4 ), and (6) relative in¬ 
tensities / of Raman lines: ( 3 ) t ( 5 ) concentrations, c, of ions; ( 7 ) concentration of undissociated sulfuric 
acid (.-HHSOt) computed by difference. 



0 5 10 15 

MOLE H 2 S0 4 PER L. 

Figuuk 6 . Concentrations, calculated from Rao’s Raman intensity data of constituents of sulfuric acid 
solutionsconcentration of H-H-SCL; €>, concentration of H-HSO*; O, concentration of *HHSO*. 


that they were cooled by water during exposure. In the absence of informa¬ 
tion concerning the temperature we have taken it to be 25°, since calculations 
were somewhat simplified by that assumption. 

Each of the concentrations (in moles per liter of solution) was converted 
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to a molality (moles per kilogram of solvent), by means of the appropriate 
density data. The molalities so computed, and the dissociation constant, 
K 2 , determined by Young, Klotz, and Singleterry 7 were substituted in 
equation 13 and y R calculated, y R from the various sources was then plot¬ 
ted against the square root of the ionic strength p. The values tabulated 
for more dilute solutions by Bray and Liebhafsky were plotted on the same 
graph. One line was then drawn to represent y R as a function of Vm u P 
to y/p ~ 3.7. 

Calculation of Degree of Dissociation of HSO 4 " at 0 °C. and 18°C. The y R 
isotherm is presumably valid for a temperature in the neighborhood of 25°C. 
For the calculations to be made, the activity coefficient ratio is required 
for 0°C. and also for 18°C. Tables of activity coefficients show that, as 
temperature is lowered, the activity coefficients of HCI (in the concentration 
ranges of greatest interest here) increase, and that the activity coefficients 
of alkali metal sulfates decrease (cf. Harned and Owen, 1 * pp. 415 and 547). 
Unless there is a very rapid change due to the bisulfate ion, y R probably 
does not change rapidly with temperature. Some evidence that the rate 
of change of y R with temperature is small lies in the agreement between the 
two segments of the y R curve. One portion is for 25° and the other (from 
Raman data) is probably for a somewhat different temperature. The single 
y R curve was used, in the absence of adequate data, as a standard curve for 
all temperatures between 0 and 25°C. 

For use in the calculations described below, curves were constructed 
showing &2 at 0°C. as functions of the molality, m. The points were calcu¬ 
lated from the standard y R curve and the appropriate values of K 2 by a 
method of successive approximations. (For a selected value of a; m, p, and 
y R were obtained, in that order. Substitution of y R in equation 13 yielded 
the next approximation of m.) 

Additional Tests of the Dissociation Theory of the Surface Tensions of 
H2SO4 Solutions. Methods have now been made available for a calculation 
of theoretical points on the surface tension isotherms. Because of inade¬ 
quacies in the activity coefficient data and in the surface tension data them¬ 
selves, great precision can not be expected. It is interesting, nevertheless, 
to ascertain how well the calculated and experimental curves will agree. 
Theoretical calculations of A 7 were completed as in the following example: 
For a 0.7 molal solution, = 0.18 at 0°, and 0.12 at 18°C. The molalities 
of S0 4 “ are therefore 0.12 and 0.08, respectively. The contributions of 
H*H*S 04 to Ay were read, for these molalities, from theoretical curves such 
as those in figure 5. They are —0.25 and —0.12. From similar plots of 
data in tables 2 and 3, the contributions of the H*HS 04 were determined 
to be +0.11 for 0° and +0.38 dyne/cm. at 18°C. The results of a series of 
such calculations are summarized in table 5, where they are compared with 
available experimental data. 
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The discrepancies in table 5 are within the limits of precision of the 
experimental data (surface tensions, activity coefficients, etc.) The results 


Table 5 

Comparison op Calculated and Experimental Isotherms 



o°c 

18°C 


Calcu¬ 

lated 

Observed 

Calcu¬ 

lated 

Observed 

Molality at which Ay = 0 

Molality at which d y/dm = 0 
Minimum Ay 0 

Ay at m = 0.7 

; 

1.5 

0.65 

-0.15 

-0.15 

1.3 

0.5 to 0.7 
-0.21 
-0.21 

.04 
.02 
-.01 
4*.25 

small* 

small* 

small* 


* Too small to estimate. 


argue, therefore, for the validity of the analysis of the problem presented 
here. If future experimental work should show that the value of A? at 0 ° 
is as large as — 0 . 21 , the explanation probably is that the calculated value 
of a 2 is too small, because the estimated value of y R is too large for 0°C. 
More extensive and more precise Raman density data are very desirable 
for the further elucidation of such problems as these. 

There is one other test which can be applied to the theory: position and 
height of the maximum surface tension at 18°C. may be computed.* Be¬ 
cause some of the assumptions and approximations used in the previous 
calculations are not likely to be valid at such high concentrations, little more 
than the orders of magnitude can be estimated. Probably the most serious 
source of error is the lowering in surface tension due to the presence of un¬ 
dissociated sulfuric acid, -HHSO^ The solvent in which the ions are dis¬ 
solved may be regarded as a mixed solvent, consisting of H2O and • HHSO4. 
The surface tension curves for mixtures of water and undissociated liquids 
such as alcohols, esters, organic acids, etc., usually lie well below straight 
lines drawn on mole fraction plots to connect the surface tensions of the 
pairs of undissociated liquids. In a 65% solution of H2SO4, the molality 
of -HHSCh is about 6.5, and is increasing rapidly as concentration increases. 
The maximum surface tension should, therefore, be reached in a solution 
considerably more dilute than the one in which the molality of HSO4" 
reaches a maximum (65%). Actually, the maximum surface tension is 
reached in a 47 weight per cent solution. The comparison is satisfactory. 

When the molality of HSO 4 - is 7,3, the contribution of H*HS0 4 to Ay 
taken from an extension of table 3 is 5.0 dyne/cm. Since the mole fraction 
of -HHSOa in the mixed solvent (H 2 0 and -HHS0 4 ) is .024 and since the 

* A different explanation of the maximum has been proposed by Sabinina and Terpugow .* 0 They 
ascribed it to the formation of a hydrate. The behavior of very concentrated solutions, especially those more 
concentrated than 80 weight per cent, is undoubtedly complicated by the formation of solvates. Biron« 
has presented strong evidence for the existence of the monohydrate of HsSO< (cf. Lewis and Randall**). In 
view of all the evidence presented here, that large concentrations of ions exist, the explanation offered by 
Sabinina and Terpugow seems to be untenable. 
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difference between the surface tension of water and pure H 2 SO 4 is about 
21 dyne/cm., the minimum correction to be applied to the calculated surface 
tension is 0.5 dyne/ cm.; it is probably more nearly twice 0.5 (compare surface 
tension data for many binary aqueous solutions in the International Critical 
Tables'). The difference between the experimental 3.9 and the uncorrected 
5.0 dynes per cm. at 47 per cent is, therefore, about what is to be expected. 

The satisfactory correlation of surface tensions and Raman intensities 
becomes even more interesting when those data are compared with the con¬ 
ductivities of sulfuric acid solutions. In Kohlrausch’s 28 curve for 18°C., 
the specific conductance reaches a maximum in a 30 weight per cent solution. 
Because of the likelihood of rapidly changing ionic mobilities, the difference 
between the concentrations of the solutions in which the specific conductance 
is a max imum and in which ion concentrations reach a maximum is not too 
large. Indeed, the product of the specific conductance and the viscosity 
attains a maxim um in a solution having much more nearly the concentration 
in which the H + and HSO4” concentrations are largest (figure 7). It is 



10 25 50 75 100 

WEIGHT % HgSQ* 

Figure 7 Specific conductance (ohm- 1 cm.- 1 ) of aqueous sulfuric acid solutions Light dashed curve 
represents product of specific conductance and specific viscosity. 


interesting to note also that the concentration in which the maximum specific 
conductance is observed has been shown by Vinal and Craig 24 to move to 
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higher concentrations as temperature rises. So, too, does the maximum in 
the surface tension curves. All of these properties are satisfactorily corre¬ 
lated by the simple dissociation theory even in solutions so concentrated as 
SO and 60 weight per cent acid. 


Summary 

The anomalies in the surface tension composition isotherms of sulfuric 
acid have been explained in terms of electrolytic dissociation. The depth 
and position of the minimum in the zero degree isotherm were computed from 
considerations of the opposing effects of sulfate and hydrogen ions on the 
one hand and hydrosulfate and hydrogen ions on the other. Calculated 
changes in the quantitative effects of the respective ions account for the 
shifting (toward m = 0 ) and gradual disappearance of the minimum (at 
about 35°), as the temperature rises. The maximum A 7 which is prominent 
at all temperatures seems to be due principally to the maximum concentra¬ 
tion attained by the bisulfate ion (and hydrogen ion) as concentration in¬ 
creases. The magnitude and position of the surface tension maximum can 
be computed only roughly because of the complicating contribution of undis¬ 
sociated sulfuric acid, but the agreement is satisfactory. 

The explanations of both the minimum and the maximum are in accord 
with other data including specific conductance and the intensities of Raman 
lines. 
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THE DIFFUSION COEFFICIENT OF POTASSIUM 
CHLORIDE IN AQUEOUS SOLUTION AT 25°C. 

By Herbert S. Harned and Ralph L. Nuttall 
Department of Chemistry , Yale University , New Haven , Connecticut 

In November, 1944, at a conference on “The Diffusion of Electrolytes and 
Macromolecules in Solution” 1 under the auspices of the New York Academy 
of Sciences, Harned and French 2 described a conductance method for the 
determination of the diffusion coefficients of electrolytes in dilute solutions. 
Four determinations of the diffusion coefficient of potassium chloride in 
water at 2S°C. in the concentration range, 0.0025 to 0.005 molal, were made. 
The error of these determinations was estimated to be ±0.9%, but Harned 
and French concluded by stating that “our experience indicates that con¬ 
siderable improvement in accuracy may be effected.” 

By improving the technique for the elimination of turbulent flow and 
temperature gradients, we have succeeded in obtaining an accuracy of the 
order of ±0.05 to ±0.2%. The recent apparatus and technique have been 
described in detail. 8 Our results for potassium chloride in the concentration 
range, 0.001 to 0.01 molal, confirm the limiting value for the diffusion coeffi¬ 
cient as derived from the Nernst equation and are in excellent agreement 
with the theory of Onsager and Fuoss. 4 

Determinations of the diffusion coefficient of potassium chloride in water 
at 25°, extended to include the concentration range from 0.001 to 0.526 
molal, will be presented here. These results are of sufficient accuracy to 
test the theory fpr this typical 1-1 electrolyte. 

The Theory of Electrolytic Diffusion? 

For an electrolyte diffusing in the x direction, Pick’s first law may be 
expressed by 

-«*£ a) 

where J is the flow, n the number of molecules of diffusing component per cc.' 
v its velocity, and 2) its diffusion coefficient. The form of Fick’s law given 
by the last term on the right of this equation, which recognizes that “the 
force” causing diffusion is the gradient of the chemical potential of the dif¬ 
fusing substance, was first suggested by Hartley 5 and is a necessary basis for 
all subsequent theoretical computations. It is clear that 



As defined above, the flow is the number of molecules per cc. times the 
velocity. To convert to molar units, we let 
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n = Nn; pN = U (3) 

where N is Avogadro’s number and n is in mols per cc. The flow in mols 
per cc. per second is given by 



and, if c is the concentration in mols per liter, then 

2) = = 1000^^. (5) 

* dn dc 

Upon introducing the equation which defines the activity coefficient of an 
electrolyte on the mols per liter scale, 

/x = /- 1 ° + vRT In y±c ± (6) 

we readily obtain the equation 

3) = viooojer^fi + c- k y± Y (7) 

c \ dc ) 

At the limit, when c equals zero, the term in parenthesis becomes unity, 

— is a constant containing the limiting ionic conductances and the equation 
c 

reduces to the limiting formula of Nernst. The major contribution to the 
variation of the diffusion coefficient with the concentration is accounted for 
by the thermodynamic term in the parenthesis. However, the theory of the 
effect of the interactions between the ions and water molecules indicates 
that 9u/c is a function of the concentration. This theory is described in 
detail in other places 1 * and only a brief outline and a statement of the 
final result is necessary for the present purpose. 

The theory is simpler than that of conductance because of the fact that 
electrical neutrality must be maintained and, consequently, both ions diffuse 
with the same velocity. This eliminates the “time of relaxation effect” 
whose terms contain the difference in the two velocities. There remains 
the effect of electrophoresis, first introduced into the theory of electrolytes 
by Debye and Hiickel, 8 and applied in an extended form to the theory of 
electrolytic diffusion by Onsager and Fuoss. 4 

The term electrophoresis has been used to denote the effect of the relative 
motion of the ions in respect to the solvent molecules. According to the 
theory of Debye, each ion is surrounded with an atmosphere of ions of oppo¬ 
site charge equal to that of the ion. If, as in the case of conductance, the 
ion is subjected to an electrical field, it will migrate, but at the same time its 
atmosphere and the solvent associated with it will move in the opposite 
direction. This counterwise motion has the effect of retarding the velocity 
of the ion. 
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In diffusion, where both ions migrate with the same velocity, electro¬ 
phoresis occurs because, as the ions move in one direction, they replace 
solvent molecules which move in the opposite direction. The electrophoretic 
effect was computed by Onsager and Fuoss by evaluating the net force on 
an element of volume at a distance r from an ion, and substituting this 
force in Stokes’ law for the motion of a sphere in a viscous fluid. This re¬ 
quired the Boltzmann equation for the number of 2-ions in the presence of a 
j -ion and Debye and Hiickel’s value for the potential of the j -ion and its 
atmosphere. 

The final result for the diffusion coefficient of a 1-1 type electrolyte is 
given by 


2) = 16.629 X 10 10 rH:(l + 

c \ dc / 


( 8 )< 


where 


(?) 


10“ = 1.0748 


/X?X 2 °\ 22.148 (\l - XaV 

V A° ) vo(DT )»V A* ) 1 


V~c 


VoQDT)* \ A 0 / 1 + A'Vc 
9.304 X 10 7 


(9) 


+ 


vo(DTy 




In these equations, X?, X 2 are the limiting equivalent conductances of the 
ions of the electrolyte, D the dielectric constant of the medium, i/o the vis¬ 
cosity, and c the concentration of the electrolyte in mols per liter. When the 
concentration is zero, equations 8 and 9 reduce to 


fflo = 17.872 X l(T 10 r 



( 10 ) 


The term, in equation 8, containing the activity coefficient on the mol per 
liter scale, may be computed by 

(t + c = 1 - + 4.6063c - rt{d) (11) 

\ dc J (1 + A'Vc) 

§>(/> is the familiar Debye and Huckel limiting function and A'y/c = ica , 
where a is the mean distance of approach of the ions in centimeters and 
k is the Debye and Hiickel reciprocal distance. B is an empirical constant. 
The term, o(/{d) may be evaluated from 


t fj\ _ dd/dc -J- 0.001(234*1 — 34*2) 

" d + 0.001c(2Mj - Mi) 


( 12 ) 


where d is the density of the solution, 34"i the molecular weight of the solvent 
and 34*2 that of the electrolyte. 

* The numerical values in this and the following equations have been computed from the c on stants given 
by R.T. Birge (Rev. ModemPhys.: 13,233. (1941). 
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Equation 9 contains two concentration dependent terms which are the 
result of electrophoresis. The first of these contains the square of the dif¬ 
ference in the limiting ionic conductances, and the second contains the func¬ 
tion c<l>(A' \/c), which has the form of c log c. Values of the function 
<t>(A' \/c) = are tabulated by Hamed and Owen 6 and also by Harned. 7 

For potassium chloride solutions, whose ions have nearly the same mobili¬ 
ties, the term containing the difference in ionic mobilities contributes only 
0.0001 to the diffusion coefficient (2) X 10 5 ) at the highest concentration 
employed by us. It was for this reason that potassium chloride was selected, 
for, by this choice, not only was the situation simplified but the opportunity 
to investigate the 0(*a) term directly was made possible. 


Outline of the Experimental Method and Technical Precautions*' 8 


The method utilizes a cell in the form of an accurately machined rectangu¬ 
lar parallelepiped provided with electrodes at the top and bottom in posi¬ 
tions indicated by theory. The salt is introduced from a salt solution by a 
sliding mechanism at the bottom of the cell and diffuses upward either into 
water or a more dilute solution of the salt. The sliding mechanism mini¬ 
mizes turbulent flow. Electrodes on two sides of the cell are fixed at the 
same distance from both the top and bottom of the cell. The cell is com¬ 
pletely filled with solution, so that the case is one of restricted diffusion. 9 

Introducing the equivalent concentration, c> into equation 1 and com¬ 
bining with the equation of continuity 


be b(cv) 

dt dx 


(13) 


we obtain Fick’s second law 


be ^ ^ 

dt dx dx " 


(14) 


Since we carry out the measurements as the diffusion proceeds and under 
conditions where the difference in concentrations at the top and bottom of 
the cell is small and decreasing with time, it is safe to regard the diffusion 
coefficient, 2), as constant and employ Fick’s law in the form 


= 

dt do? 


(IS) 


where c is the concentration at a vertical distance, x, with origin at the bot¬ 
tom of the cell. Let the depth of the cell be u a The flow is zero at x *= 0 
and x = a, and therefore, by equation 1 , we have the boundary condition 



be 

dx 


( 16 ) 
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With these restrictions, the general solution of equation 15 is 
00 

c = Ame " COS - h Co (17) 

W »“>1 d 

where the A m are Fourier coefficients. All even terms of this series vanish 
when the difference in concentrations at the bottom, c(fc), and the top, 
c(a — £), is computed, and, if the electrodes are \ the depth of the cell from 
the top and bottom, the third term in the series vanishes. As a result, 
we may readily obtain the greatly simplified expression 

c(t) - c(a - {) = 2A\f Tts>ltai + 2 J 4 B e~ 25TS °‘ /oJ (18) 

since £ and (a — £) are fixed and consequently the trigonometric functions 
are constant. Obviously, the second term on the right is negligible. For 
practical purposes, the logarithmic form 

In (c(£) — c{a — £)) - — - + constant (19) 

T 

is preferable where a 2 /1 r 2 ® is replaced by r. 

For many electrolytes, the assumption can be made that, throughout 
the concentration range involved, the difference in concentrations 
c(£) — c(a — £) is proportional to the difference in conductance ( K B — K T ). 
Indeed, Hamed and French showed that, for potassium chloride at 0.002 
to 0.01 molal, this assumption is valid to within 0.02%. Equation 19 now 
becomes 

In [K b — K t ] = — t/r + constant (20) 

whence the slope of the plot of the left of this equation versus t is — 1/r and 

2 ) = ^ ( 21 ) 

7r r 

The simplicity and directness of the method is apparent. All that is 
required are measurements of the conductance at the top and bottom of the 
cell at suitable time intervals, and a measurement of the depth of the cell. 
Of course, due to the inevitable imperfections in the mechanical construction 
of the cell, a slight correction is required for the ratio of the cell constants 
of the top and bottom pairs of electrodes. 

The experimental technique has been described in detail elsewhere. 2 * 3 
To assure the success of these experiments, great care was exercised to reduce 
the effect of vibration, to eliminate temperature gradients, and to guard 
against local heating at electrodes during the balancing of the conductance 
bridge. 

After introduction of the salt, diffusion was allowed to proceed for 24 to 
36 hours, and then five measurements of the conductances at the top and 
bottom of the cell were made each day. This procedure was continued for 
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five days. The solution was then stirred by placing a heating lamp near the 
cell. Enough radiation was absorbed by the platinum black on the elec¬ 
trodes to start convection currents and produce thorough mixing in a few 
hours. The final (infinity) readings were used to obtain the cell constant 
ratio correction in the manner described in the earlier communications. 2,3 
The method yields the differential diffusion coefficient at the concentration 
of the salt when t is infinity. To determine this concentration, the final 
solution was removed and its conductance measured in a small cell placed 
in an oil thermostat at 25°. 


Experimental Results 

The diffusion coefficient was computed directly from the experimental 
observations. The slope, 1/r, was obtained from conductance readings at 
24-hour intervals, and then the diffusion coefficient was computed by the 
equation 

3 ( 22 ) 

rr L At jAi-86,400 8008. 

Since five measurements of (K B — K T ) were made each day, five determina¬ 
tions of 3) were obtained for the first to second, second to third etc. days, 
respectively. A typical result of a five-day experiment is illustrated by 
figure 1 , in which 3) X 10 6 is plotted against the number of an observation. 



Figure 1. The diffusion coefficient of potassium chloride at 25° as derived from the slope. 


C Un{K B - K t H 
L Ai JA/-86,400 secs. 

?j 0t8 *l epresent ^individual observations, the circles the mean of the preceding five observations, and 
tne une tne mean of all observations. * 


The inked circles represent the individual determinations and the circles the 
mean of the five determinations from results of the first to sec on d day, the 
second to the third day, etc. The line represents the mean of all the deter¬ 
minations. The maximum deviation from this mean is 0.4 per c**"t and the 
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average deviation is 0.09 per cent, which is a very satisfactory result for a 
rate measurement. 

The results at concentrations from 0.0012S to 0.5276 mols per liter are 
recorded in the third column of table 1 and plotted against c 12 in figure 1 . 


Table 1 

Obshrvfd and Calculated D it fusion Coeiitcient or Potassium Chloride in Water 

AT 25° 


Cell 

C 

9 X 10' (obs) 

® X 10 5 (theory) 

Electrophoresis 


0.00 

_ 

1.9958 

_ 

A 

.00125 

1.961 

1.960 

0.002 

A 

.00194 

1.954 

1.953 

003 

A 

.00325 

1.943 

1.943 

.005 

A 

.00585 

1.931 

1.929 

.007 

A 

.00704 

1.924 

1.924 

.008 

A 

.00980 

1.918 

1.915 

.010 

B 

.01261 

1.908 

1.907 

.011 

C-5 

.02654 

1.879 

1.883 

.016 

C-4 

.03992 

1.877 

1.870 

.020 

C-3 

.0462 

1.872 

1 866 

.022 

C-2 

.0545 

1 860 

1.861 

024 

C-l 

.06074 

1.856 

1.858 

.025 

D 

.1298 

1.838 

1.840 

.034 

D 

3323 

1.842 

1.839 

.044 

D 

5276 

1 852 

1.853 

.048 


Maximum effect of the term containing (\° — \°) in lquation 9 at c = 0 5276 is 0.0001. Last column 
contains values of the c<t> (ko) term m i qcation 9. Approximate areas of electrodes A *» 0 2 X 2 cm.*; 
B - 0 1 X 2 cm *, C — 5, C - 4, C - 3 » 0 2 X 1 cm C - 2, C - 1 - 0.1 X cm *; D - (0 05)* cm * 



Figure 2 The diffusion coefficient of ijotaxsium chlonde at 25° as a function of its concentration. The 
solid line was derived from theory. 

The first six results were obtained in cell A with electrodes of areas of 0.2 X 
2 cm. 2 Cell B contained electrodes with areas equal to 0.1 X 2 cm. 2 , cells 
C-5, C-4, and C-3 had electrodes with areas of 0.2 X 1 cm. 2 , while cells C-2 
and C-l possessed electrodes of 0,1 X 1 cm. 2 areas. The last three results 
at the higher concentrations were obtained from a cell containing electrodes 
1 mm. in diameter. No difficulty was encountered from polarization, and 
all these cells behaved in a satisfactoiy maimer. 

The fourth column of this table contains the values computed by the com- 
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plete theory as represented by equations 8, 9,10,11, and 12 after introduc¬ 
ing the values: X? = 73.52, X2 = 76.34 10 ,770 = 8.949 X 10~ 8 , D = 78.54, 
d = 3.8, B = 0.0101. 11 The values of (ha) = A' y/c were obtained from the 
table given by Harned and Owen. 12 The agreement between the observed 
and the theoretical results is remarkably good. The last column of the 
table contains the contribution of electrophoresis as computed from the 
cj)(A f y/c) or the c log c term in equation 9. It is to be noted that, at all 
concentrations, this term is greater than the difference between the observed 
and calculated results, and that at the higher concentrations it is many times 
greater. This agreement appears to be direct evidence for the validity of the 
c log c term. However, we are somewhat surprised at the agreement at 
the higher concentrations where deviations due to changes in relative vis¬ 
cosity 13 and dielectric constant should be expected to interfere. On the 
other hand, at concentrations below 0.1 N we are sure of the result and find 
in it the first objective proof of the validity of Nernst’s limiting equation 
for 1-1 electrolytes. 8 

Summary 

(1) The diffusion coefficient of potassium chloride from 0.00125 to 
0.5276 M at 25°C. has been determined with an accuracy of the order of 
±0.1 per cent. 

(2) The results are in excellent agreement with the theory of Onsager and 
Fuoss throughout this range of concentration. The agreement at the higher 
concentrations was unexpected and may be due to the fact that the relative 
viscosity of potassium chloride solutions changes little with the salt con¬ 
centration. 

(3) In another contribution from this laboratory, it will be shown that 
the unmodified theory will not account for the variation of the diffusion 
coefficient of calcium chloride in very dilute solutions. This disagreement 
parallels the behavior of the transference number of calcium chloride. 
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SOME INTERACTIONS IN SOLUTIONS OF 
ELECTROLYTES 


By C. A. Kraus 

Metcalf Research Laboratory , Brown University, Providence, Rhode Island 
Introduction 

The purpose of this paper is to present experimental material that has a 
bearing on our understanding of phenomena that have their origin in inter¬ 
actions between ions and ions and between ions and polar molecules in solu¬ 
tions of electrolytes in various solvents. Originally, it was not intended to 
touch upon long-range interaction between ions, but certain experimental 
material, which seems to have been overlooked up to now, calls for brief 
consideration. 

The subjects which I shall discuss, aside from that of long-range inter¬ 
actions, are: (A) the interaction of free ions with polar molecules, those of 
the solvent as well as of other substances; (B) the effect of solvent and other 
dipolar molecules on the short range interaction of ions with one another; 
and, finally, (C) interactions of ion dipoles with one another in solvents of 
very low dielectric constant and up to high concentrations. 

Long-Range Interactions 

The presently accepted theory of strong electrolytes as developed by 
Debye and Hiickel 1 and Onsager 2 has been amply verified for aqueous solu¬ 
tion and has proved invaluable in elucidating the intricate phenomena that 
characterize these solutions. The extension of this theory by Bjerrum 8 
and Fuoss 1 so as, also, to take account of short-range interactions between 
ions, has clarified our understanding of phenomena that appear in and char¬ 
acterize solutions of electrolytes in solvents of lower dielectric constant. 

In water, it is possible to study a considerable number of phenomena, 
reversible as well as irreversible, by precision methods. In most non- 
aqueous solvents, we are largely dependent on the study of a single irre¬ 
versible phenomenon, their electrical conductance, for our understanding 
of the nature of solutions of electrolytes in them. The conductance of 
solutions is the only property that can be measured quite generally with a 
high degree of precision in all solvents under a wide range of conditions. In 
what follows, we shall be largely dependent on conductance measurements 
for such experimental material as may throw light on the problem of solu¬ 
tions of electrolytes in non-aqueous solvents. It is unfortunate that much 
of the work that has been done in the past is lacking in precision and measure¬ 
ments have not yet been carried to concentrations sufficiently low to per¬ 
mit the application of limiting laws. 

The theory of Onsager, according to which the equivalent conductance of 

789 
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an electrolyte varies as a linear function of the square root of concentration, 
the slope of whose graph is a known function of temperature, dielectric con¬ 
stant, and viscosity of the medium and the charge on the ions, has been 
amply verified for aqueous solutions. In a few instances, it has been verified 
for solutions in solvents of somewhat lower dielectric constant, such as 
nitrobenzene and methanol. In solvents of dielectric constant lower than 
30, verification becomes uncertain because of ion association. 

There are few solvents that have a dielectric constant higher than that 
of water, and most of these, such as hydrogen fluoride and formamide, are 
not suitable for study because of instability or interaction with the dissolved 
substances. There is, however, one solvent which has a dielectric constant 
much higher than that of water, and which is stable, readily purified, and 
an excellent solvent for ordinary salts. I refer to liquid hydrogen cyanide, 
whose dielectric constant is 118.3 at 18° and 158.1 at 0°. 6 Coales and 
Taylor 6 measured the conductance of seme 38 salts in this solvent at 18° 
more than a dozen years ago. The concentration range covered was from 
2 X 10rW to 1 X 10 _4 iV. Their results are remarkably consistent: the mean 
deviation of limiting conductances for several dozen salt pairs with a common 
ion is not above 0.5 per cent, and independent series of measurements arc in 
good agreement. 

The conductance of these solutions when plotted against the square root 
of concentration follows a linear relation. In most instances, the slope of 
these curves approximates that predicted on the basis of Onsager’s theory. 
For a few salts, notably of lithium, the slope is greater than the theoretical; 
this may be accounted for by ion association. In some instances, however, 
particularly with salts of large ions, the observed slope is markedly below the 
theoretical, in some cases as much as 30 per cent. Examples are shown in 
figures 1 and 2. 
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Figure 2. Plot of A against y/C for tetramcthylammomum picratc in hydrogen cyanide at 18®. 


In figure 1 is shown the graph for sodium picrate. The points lie on the 
straight line as drawn, with an average deviation of 0.05 per cent. The 
radius of the circles corresponds to an error of this value. The observed 
slope is 28 per cent below the theoretical. Results for two independent 
series of measurements are shown. In figure 2, are shown results for tetra- 
methylammonium picrate (2 series). The experimental values deviate from 
the straight line (in the mean) by 0.025 per cent. The slope deviates from 
the theoretical by —20 per cent. 

It is difficult to understand how the experimental results could be in error 
by as much as 20-30 per cent. On the other hand, it is difficult to accept 
the conclusion that the underlying theory, which has been so adequately 
confirmed in aqueous solutions, should be in error It should be borne in 
mind, however, that, aside from these measurements in liquid hydrogen 
cyanide, we have no information whatsoever concerning solutions in solvents 
of dielectric constant higher than that of water. Further investigation of 
solutions in liquid hydrogen cyanide is urgently called for. 

Interaction of Ions with Solvent and Other Dipoles 

Interactions with Solvent Molecules . The only means we have for studying 
the interaction of free ions with polar molecules is to measure their conduct¬ 
ance. This means, in the first place, that precision measurements are 
carried to concentrations sufficiently low so that limiting conductances may 
be obtained by extrapolation according to established,limiting laws. In the 
second place, since the quantity actually determined is the sum of the con¬ 
ductance of two ions, it is also necessary to know the transference numbers 
of the ions. These latter cannot be determined directly in most non-aqueous 
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solvents; accordingly, transference numbers must be evaluated by indirect 
means. 

The basis of such evaluations is Stokes’ law, according to which the speed 
of a particle moving under a given force through a given medium is inversely 
proportional to the viscosity of the medium. It has been recognized that 
Stokes’ law can hold only for particles which are large with respect to the 
molecules of the medium through which they are moving. Walden 7 has 
made use of this means for determining the conductance of ions in many 
different non-aqueous solvents. He has employed tetraethyla mm onium 
picrate for this purpose. Having determined the value of the conductance 
viscosity product for the picrate ion in water and knowing the viscosity of 
the non-aqueous solvent, the conductance of the picrate ion in that solvent 
becomes known. 

In the Brown Laboratories, we have adopted a somewhat different, al¬ 
though related procedure. 8 The conductance is measured of an electrolyte 
whose two ions are of the highest possible symmetry and which contain 
approximately the same (large) number of atoms other than hydrogen. 
It is then assumed that the two ions have the same conductance and, accord¬ 
ingly, that the conductance of each ion is one-half the total. As electro¬ 
lyte, we have employed tetra-w-butylammonium triphenylborofluoride. 
Here, one ion contains 17 atoms other than hydrogen, the other, 20. It 
may be expected that the resistance experienced by the more closely packed 
atoms of the phenyl groups would be somewhat less than that of atoms in 
the chains of the butyl groups. The values obtained by means of the above- 
mentioned salt have been checked by measurements with octadecyltri- 
methylammonium octadecylsulfate. 9 The results with the two salts agree 
within 5 per cent. It may be concluded that ion conductances based on 
the equal conductance of the tetrabutylammonium and the triphenylboro¬ 
fluoride ions are reliable within about 5 per cent. 

In figure 3 are shown values for the conductance viscosity product for 
the bromide and the sodium ions in seven and six different solvents, 
respectively. It is evident that the conductance of the bromide ion, relative 
to viscosity, varies widely. Most striking is the high conductance of this 
ion, as of most other simple ions, in water. The value of the Ao” v product 
for this ion in water is 2.7 times that in ethylene chloride. Even in water 
at 306°, the product is twice that in ethylene chloride at 25°. The excep¬ 
tionally high conductance of simple ions in water is unique and has never 
been accounted for. Neither has anyone accounted for the fact that, with 
increasing temperature, the conductance of ions of high conductance in¬ 
creases less than that of ions of low conductance. The conductance of ions 
of very low conductance, such as the acetate ion, increases linearly with the 
fluidity of water. 9 * 

In figure 3 are also shown values of the A 0 + y product for the sodium 
ion in six of the seven solvents listed in the figure. It will be noted that, in 
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Figobe 3. Conductance viscosity product for bromide and sodium ions in: water (306") 1 ', ammonia » 
pyridine, 11 hydrogen cyanide,' nitrobenzene,' 1 acetone, 1 * and ethylene chloride » ’ 

all cases, the conductance of the sodium ion is lower than that of the bromide 
ion—in some instances, much lower. It may be pointed out, here, that the 
conductance of negative ions is generally higher than that of similar positive 
ions. 

The conductance of the sodium ion in water is much higher (relatively) 
than that in other solvents. The relatively low conductance of the sodium 
ion in pyridine is noteworthy. 

In figure 4 are compared Ao + r\ products for the tetraethylammonium 



Figuxe 4. Conductance viscosity product, tetraethylammonium, and picrate ions in: water, 15 pyridine, 11 
hydrogen cyanide, 9 nitrobenzene, 13 acetone, 14 and ethylene chloride. 9 

and the picrate ions in six different solvents. It will be noted that the 
picrate ion is slower than the tetraethylammonium ion in all solvents, 
although the difference is small in nitrobenzene. The high conductance of 
both, ions in pyridine and the wide spread of values in the case of pyridine 
and ethylene chloride is notable. In general, the lower conductance of the 
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picrate ion is understandable in view of the large number of atoms (other 
than hydrogen) that this ion contains. While the variation of the conduct¬ 
ance viscosity product is smaller for these larger and more complex ions 
than it is for simple ions, it is, nevertheless, clear that the assumption that 
the A.<Tt) product is constant for the picrate ion is untenable. 

It is of interest to compare the relative conductance of the three closely 
related halide ions: Cl“, Br", and I". In figure 5 are shown the differences 



L IGUSE 5 Comparison of Cl", Br", and I - ion conductances in seven different solvents 19 

(in per cent) between the Br” and the Cl” and I” ions in seven different 
solvents. 16 It will be noted that the order of conductance values for the 
three ions differs in different solvents. In water, the conductance of the 
Br~ ion is greater than that of either the Cl" or the I" ion, with that of the 
I" ion slightly greater than that of the Cl" ion. In ammonia, the conduct¬ 
ance of the Cl" ion is slightly greater than that of the Br" ion which, in turn, 
is greater than that of the I~ ion. In hydrogen cyanide, the differences are 
exceptionally small, with the order reversed with respect to that in ammonia. 
But while the differences in conductance values are small for the three 
solvents just discussed, they are much larger for the four other solvents. 
The large spread in ethylene chloride is noteworthy: the conductance of the 
Cl" ion is 16 per cent greater than that of the Br" ion which, in turn, is 12 
per cent greater than that of the I" ion. The order of conductance values 
appears to be the same in pyridine, nitrobenzene, acetone, and ethylene 
chloride. 
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It is of interest to compare the conductance of small, composite ions of 
similar structure and comparable dimension. In jtgtjke 6 are shown the 



Tigurl 6 Comparison o! (CTTj)iN H , ClOr - , and NOj" ion conductances in five different solvents r 


percentage differences between the conductance of NOr*, ClOr, and 
(CHj) N + ions, based on the conductance of the ClOr ion, in five different 
solvents. The order of conductance values for these ions differs in different 
solvents. 17 In pyridine, the conductance of the JSTOr ion is slightly smaller 
than that of the ClOr ion, while that of the Me t N H ion is much smaller 
In hydrogen cyanide and nitrobenzene, the conductance of the ClOr ion is 
intermediate between that of the NOr and the (CH^N' 1 " ions; in acetone 
and ethylene chloride, the conductance of the ClOr ion is smaller than that 
of either of the other two ions. Differences are greatest in hydrogen cyanide 
and nitrobenzene, but they are marked in nearly all cases. It is of particular 
interest to note that, in hydrogen cyanide and nitrobenzene, the (CHs)^* 
ion has a conductance nearly 20 per cent lower than that of the closely similar 
ClOr” ion, while in acetone and ethylene chloride, the conductance of the 
(CHs^N ion is up to 10 per cent greater than that of the ClOr ion. 

We must conclude that the free ions are highly individualistic in their 
interactions with solvent molecules. Aside from viscosity, there appears 
to be no correlation between these interactions and the physical properties 
of the solvents, such as dielectric constant, or with the size of the solvent 
molecules. 

Effects Due to Ion Size and Structure , While the conductance of ions is 
dependent upon the number of atoms that they contain and upon the 
geometrical arrangement of these atoms within the ions, the manner in which 
the conductance of ions varies with their complexity and structure in differ¬ 
ent solvents is also dependent on the solvent medium. Studies of this kind 
are best carried out with the completely substituted onium ions, particularly 
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the quaternary ammonium ions. The conductance of the homologous series 
of quaternary ammonium ions from Me 4 N + to w-Am 4 N + , inclusive, has been 
determined in ethylene chloride, 18 nitrobenzene, 19 and pyridine. 20 In 
addition, the conductance of the n-octadecyltributylammonium ion (30 C 
atoms) has been determined in the same three solvents; that of the diocta- 
decyldibutylammonium ion (44 C atoms) in ethylene chloride and nitro¬ 
benzene; and that of the dioctadecyldimethylammonium ion (38 C atoms) 
in nitrobenzene. 21 

In comparing the effect of size and structure on the conductance of ions 
as a function of their complexity, it is advantageous to compare not equiva¬ 
lent conductances but, rather, equivalent resistances, the reciprocal of ion 
conductances, as Thompson 22 has suggested. Moreover, since the viscosity 
of solvents may differ greatly, comparison is simplified by multiplying the 
equivalent ion resistances by the reciprocal of solvent viscosity. In other 
words, we compare the reciprocals of the Ao + i? products. 

In figure 7, values of l/Ao + 7? are shown as a function of the number of 



carbon atoms in the cation for solutions in the solvents just mentioned. 
The number of carbon atoms in the cations is plotted along the axis of 
abscissas, the scale for each successive solvent being displaced four carbon 
atoms to the right to avoid confusion in the figure. 

Perhaps the most striking feature of this graph is the fact that the equiva¬ 
lent resistance of quaternary ammonium ions in ethylene chloride increases 
as a linear function of the number of carbon atoms up to nearly 30 atoms. 
This means that every addition of CHa to the ion increases its resistance by 
the same amount, irrespective of chain length. The octadecyltributyl- 
a mm onium ion deviates very slightly toward lower resistance. The diocta- 
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decyldibutylammonium ion deviates more markedly, but the deviation is 
still surprisingly small considering the two long hydrocarbon chains and the 
dissymmetry of the ion. 

For nitrobenzene, the curve between the ethyl and the propyl derivatives 
closely parallels that for ethylene chloride. Thereafter, it falls off and 
diverges widely. In the case of pyridine, the curve parallels that in ethylene 
chloride between the propyl and the butyl derivatives. It will be noted 
that the conductance viscosity product for the tetrabutylammonium ion 
has very nearly the same value in the three solvents. On the other hand, 
the resistance values of the methyl and ethyl derivatives are relatively 
much smaller in pyridine than in either of the other solvents. As the num¬ 
ber of carbon atoms increases above 20, the curves for pyridine and nitro¬ 
benzene parallel each other rather closely. 

It is evident that even large ions show specific differences and that Stokes’ 
law does not apply. It may well be that the chains, so to speak, “curl up” 
so as to occupy a smaller effective volume in pyridine and nitrobenzene than 
in ethylene chloride. But we must be cautious in accepting any such simple 
hypothesis. Indications are, although data unfortunately are fragmentary, 
that ions with a large number of carbon atoms meet with greater resistance 
in water than in other solvents, even though ordinary ions meet with much 
smaller resistance. It is important to note the marked difference between 
the resistance of the tetramethyl and the tetraethyl substituted ions in 
pyridine and in ethylene chloride or nitrobenzene. It is difficult to escape 
the conclusion that Coulombic interact ion with the solvent dipoles is greater 
in the latter two solvents than in pyridine. 

Interaction with Dipoles Other than Those of the Solvent . It has previously 
been observed that the conductance of an electrolyte in a given solvent may 
be altered by addition of dipole molecules of some other substance in rela¬ 
tively small amount. Usually, this is due to a change in the dissociation of 
the ion pairs. However, in certain instances, the limiting conductance of an 
ion may be greatly altered by such additions. A study has been made of 
the effect, resulting from addition of ammonia, on the conductance of the 
Na 4 *, Li 4 and Ag h ions in pyridine. 23 The conductance of all three ions is 
markedly increased on such addition. In figure 8 is shown the result for 
the Li 4 * ion on the addition of up to 0.37A* of ammonia to a solution of lithium 
picrate in pyridine. The conductance of the Li 4 * ion is increased by as much 
as SO per cent. That the increased conductance is due to the lithium ion is 
shown by the fact that the conductance of tetrabutylammonium picrate is 
but little affected by the addition of ammonia 12 and that the conductance 
change is practically the same for sodium picrate and sodium iodide. 28 The 
conductance change for the Na 4 * ion on addition of ammonia is nearly the 
same as that of the Li 4 * ion; the conductance change of the Ag+ ion is about 
one-half that of the Li 4 * ion. 234 As may be seen from figure 8, the addition 
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Figure 8. Effect of ammonia on the conductance of the lithium ion and of water on the conductance of 
the sodium ion in pyridine 


of water to a solution of sodium picrate causes only a small change in the 
conductance of the Na + ion. 

Since the conductance of an ion is a function of its dimensions and increases 
with decreasing dimension, the ammonia molecules must replace the larger 
pyridine molecules from association with the Li + or Na + ions to yield ions of 
smaller dimensions. It is surprising that the magnitude of the effect should 
be so large. 


Effect of Interaction on Ion Association 

In a given solvent, the association of ions to non-conducting ion-pairs is 
the smaller, the larger the ions. 4 There is not, however, a clear correlation 
between ion association and ion conductance, except in the case of ions so 
large that their conductance is determined by the number of atoms perman¬ 
ently associated within the structure of the ions. The dissociation constant 
of quaternary ammonium salts increases with increasing number of carbon 
atoms in the substituent groups, but here, steric effects, also, must be taken 
into account. The dissociation constant of salts of quaternary ammonium 
ions does not increase greatly once the first two carbon atoms have been 
introduced into the substituent groups. 

The factual material relating to specific effects due to structural features 
of ions is too copious and intricate to permit detailed presentation here. 
We shall content ourselves with a few cases in which interactions between 
ions and solvent molecules have a marked effect on the dissociation constant. 

Effects Due to Interaction of Ions with Solvent Molecules . In table 1 are 
given the dissociation constants of lithium, sodium, and potassium picrates 
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Salt 

K X 10 4 

C 6 H6N 

CiHbNO? 

(CH 3 )iCO 

LiPi 

0.806 

0.0006 

10.3 

NaPi 

.454 

.28 

13.5 

KPi 

1.054 

.86 

34.3 

BiuNPi 

12.8 

2000 

223.0 


in pyridine, 12 nitrobenzene, 13 and acetone. 14 The constant is likewise given 
for tetrabutylammonium picrate in pyridine 20 and nitrobenzene, 19 as well as 
acetone. 14 

As may be seen from table 1 , the alkali metal picrates are exceptionally 
weak electrolytes in nitrobenzene {D = 34.5). While a strong electrolyte 
like tetrabutylammonium picrate has a constant greater than 0.2, lithium 
picrate has a constant of only 6 X 10~ 8 . Sodium and potassium picrates are 
stronger than lithium picrate, but still very weak. For these two ions 
(Na + and K + ), there is probably some interaction between the solvent mole¬ 
cules and the ions, as they interact with the picrate ion at short range. The 
dissociation constant for the alkali metal picrates in pyridine (D = 12.3) is 
greater than in nitrobenzene. In pyridine, lithium picrate is stronger than 
sodium picrate, indicating greater interaction with the solvent molecules. 
However, all the alkali metal picrates are weak when compared with tetra¬ 
butylammonium picrate. In acetone (D = 20.5), sodium picrate is slightly 
stronger than lithium picrate and potassium picrate is much stronger than 
either of these two. The relatively high value for potassium picrate in all 
three solvents indicates that the lattice size of the potassium ion may be a 
factor in short-range interactions in these solvents. 

Effect of Constitution of Solvent Molecules. It is of interest to point out 
that the properties of solutions of an electrolyte are dependent on the con¬ 
stitution of the solvent molecules, other controlling factors being the same. 
The one example of this kind for which data are available is that of ethylene 
dichloride and cthylidene dichloride. Although these two solvents differ 
greatly in boiling point and viscosity, they have almost identical dielectric 
constants, 10.23 and 10.2. In view of the value of their dielectric constants, 
we should expect salts in solution in these solvents to have the same dissocia¬ 
tion constant. Values for the same salt in the two solvents are given in 
table 2. 

It will be noted that the dissociation constant of 0 -chlorophenyltrimethyi- 
ammonium perchlorate in cthylidene chloride 24 is only one-tenth that in 
ethylene chloride. It appears that a similar relation holds in the case of 
tetra-alkylammonium picrates. 23 Ion conductances appear to decrease less 
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Table 2 

Dissociation Constant op Salt in Isomeric Solvents 


Solvent 

D. Const. 

K X 10 6 

(O-CIQH*) ((CH 3 )*NC10i) 

Ethylene chloride 

wmnmm 

4.45 

Ethylidene chloride i 

k&m 

0.452 


with increasing number of carbon atoms in ethylidene chloride than in 
ethylene chloride. 

The A w product for o-chlorophenyltrimethylammonium perchlorate in 
the two solvents has the values 0.574 and 0.576, respectively. 

Here, we have two isomeric solvents having the same dielectric constant, 
solutions in which exhibit widely differing properties. It seems reasonable to 
suppose that the differences are due to differences in the maimer in which the 
molecules of these solvents interact with ions dissolved in them. 

Effect Due to Negative Atoms in Cation. The introduction of negative 
atoms or groups into the organic substituents of the cation has a definite, 
although not a large, effect on the dissociation constant. This is illustrated 
by the values presented in table 3, where constants are given for a number 

Table 3 

Effect on Dissociation Constant of Introducing Negative Atoms into Cation 


K X 10 4 



C2H*C1 2 

CsHbN 

C«H 6 N02 

(C*H fi ) (CHaW Pi 

0 460 

8 21 

440 

(HOCaH*) (CH*)*N Pi 

.066 

9 50 

70 

(CH 3 OCH 2 ) (CHj)aN Pi 

.264 

— 

240 

(BrCH 2 ) (CEWaN Pi 

.110 

4.79 

120 

(CH^N Pi 

.320 

6 71 

400 


of salts in ethylene chloride, 26 pyridine, 12 and nitrobenzene. 13 Constants are 
also given for ethyltrimethylammonium and tetramethylammonium picrates 
for purposes of comparison. 

The introduction of an OH group on the end carbon atom of the ethyl 
group of ethyltrimethylammonium picrate reduces the constant of the salt 
to about one-sixth its value in ethylene chloride and nitrobenzene. The 
introduction of a methoxymethyl group in place of the isomeric hydroxyethyl 
group yields a salt whose constant has about one-half the value of the ethyl¬ 
trimethylammonium salt in ethylene chloride and nitrobenzene. Introduc¬ 
ing a bromine atom into one of the methyl groups of the tetramethylammon¬ 
ium salt reduces the constant to about one-third its value in the same two 
solvents. But while the effects due to the introduction of these atoms and 
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groups closely parallel each other in ethylene chloride and nitrobenzene, the 
corresponding effects in pyridine are either very small or even reversed. 
Thus, the constant for hydroxyethyltrimethylammonium picrate is greater 
than that of the unsubstituted salt. Again, we find that the interactions 
between ions and solvent molecules are specific. 

Effects Due to Hydrogen Bonding . In certain solvents, the interaction 
between ions due to Coulombic forces is markedly reinforced by hydrogen 
bonding of the negative ion if an active hydrogen atom is present in the 
cation. This is illustrated by the constants given in table 4. 15 

Table 4 

Effect of Hydrogen Bonding on Dissociation Constants 




KX 10* 

Salt 





C 6 H 5 NO 2 

Bu 4 N Pi 

12.5 


>2000 

BujNH Pi 

— 


1.90 

BuNH 3 Pi 

— 


1.49 

NEbPi 

— 


1.46 

Ph*Me/OH)N Pi 

12.8 


0.20 


The dissociation constant of tributylammonium picrate in nitrobenzene 
is less than one-thousandth that of the corresponding tetrabutylammonium 
salt (from 0.2 to 1.9 X 10” 4 ). Further replacement of butyl groups by hydro¬ 
gen causes but little further change. The dissociation constant of phenyl- 
dimethylhydroxyammonium picrate in nitrobenzene is only 2 X 10 -5 ; here, 
the bonding effect is very marked. 

These salts which show bonding effects in nitrobenzene are such weak 
electrolytes in ethylene chloride that their constants cannot be evaluated 
with any considerable degree of certainty. In pyridine they are all normally 
strong electrolytes. 12 Thus, the hydroxy derivative has a constant of 12.8 
X 10*" 4 , while the coi responding tetrabutyl derivative has a constant of 12.S 
X 10~*. The absence of bonding effects in pyridine is readily accounted for; 
pyridine being a basic solvent, its molecules bond to the hydrogen of the 
cation, thus precluding bonding to the negative ion. 

Effects Due to Polar Molecules Other than Those of the Solvent . The addi¬ 
tion of polar molecules to solutions of ordinary salts in a given medium may 
increase or decrease the dissociation constant or may leave the constant 
unchanged. The percentage change in the constant for a number of salts 
in pyridine on addition of ammonia is shown in column 3 of table S. 26 * 

The constant for lithium picrate is greatly increased on addition of 
ammonia even though the free lithium ion has effectively smaller dimen¬ 
sions as indicated by its greatly increased conductance. On the other hand, 
the constant for sodium picrate remains unchanged, although, as with the 
lithium ion, the conductance of the free ion is greatly increased. In the 
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Table 5 

Effect of Ammonia on Dissociation Constant of Salts in Pyridine 


Salt 

Cone. NH 3 

10» X AAT/Xo 

10* X A Aj/Aj- 

LiPi 

0.22 

+75 

33 

NaPi 

.22 

+0 0 

46 

Nal 

.23 

—27 

44 

AgNOs 

.34 

-56 

19 

BmN Pi 

.15 

0.0 

1.6* 


* 10* AAo/Ao. 


case of sodium iodide and silver nitrate, the constant is greatly diminished, 
while the ion conductance is markedly increased for the sodium as well as 
the silver ion. The dissociation constant of tetrabutylammonium picrate 
remains unchanged on addition of ammonia. The total conductance of the 
salt is slightly increased, probably due to decreasing viscosity of the solvent 
medium. 

The addition of 0.007 M of water increases the constant of sodium picrate 
10% and leaves A 0 unchanged. The addition of 0.275 M methanol increases 
K 32 per cent and decreases Ao but 1.17 per cent. 12 

We shall now consider the case of salts in which hydrogen bonding may 
occur. The hydrogen of the OH group in the trimethylhydroxyammonium 
ion is veiy active and, in the absence of basic molecules, as in nitrobenzene, 
it bonds with the negative ion to yield a very weak electrolyte. If basic 
molecules are added to such a solution, they interact with the active hydrogen 
of the ion and the solute behaves like a stronger electrolyte; the stronger the 
added base, the more marked is this effect. In figure 9 are shown graphs 



Fkjotr 9. Effect of bases on the dissociation constant of triraethylhydroxyammonium picrate m nitro 
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for the dissociation constant of trimethyffiydroxyammoniurn picrate on 
addition of different bases; 13 the dissociation constant of the salt in pure 
nitrobenzene is 0.17 X 10" 1 . In figure 9 are shown values of the ratio of the 
dissociation constant, K/K 0 , for this salt on addition of different bases. 

In the case of water, a very weak base, the addition of 0.01 M causes an 
increase of only 30 per cent in the constant. A similar addition of pyridine 
increases the constant about ten times that of ethylamine, 35 times, and that 
of piperidine, 60 times. It is apparent that the increase of the dissociation 
constant of the solute is a function of the strength of the added base and 
increases greatly with increasing strength. 

Interaction in Solvents of Very Low Dielectric Constant 

In solvents of very low dielectric constant, solvent molecules have very 
small moments, while Coulombic forces are large. The properties of elec¬ 
trolyte solutions in solvents of this kind are influenced but little by the sol¬ 
vent medium: they are primarily determined by the size and structure of the 
ions. It is obvious that electrolytes, particularly those with very large ions, 
will be dissociated into their constituent ions to some (although small) 
extent at accessible concentrations. We should expect, however, that the 
properties of such solutions would be exceptionally sensitive to constitutional 
and dimensional factors. 

The dissociation of a strong salt (with large ions) in benzene at 25° and at 
a concentration of 10~ W is of the order of 4 X 10"" 1 per cent. 27 As a result of 
Coulombic interaction, such salts exist largely as ion-pairs at low concentra¬ 
tions. 4 Values of polar moments of salts at low concentration bear this 
out. 28 

At somewhat higher concentrations, ions of more complex type (triple 
ions) make their appearance, with the result that the equivalent conductance 
passes through a minimum. 20 At still higher concentrations, more complex 
aggregates arc formed. The complexity of these aggregates is dependent on 
the dimensional and structural features of the ions themselves. In general, 
electrolytes with large ions exhibit a greater degree of dissociation into ions 
at very low concentration than do salts with small ions. They also exhibit a 
larger degree of association to more complex structures at higher concentra¬ 
tions. 

Conductance as a Function of Concentration. In figure 10 are shown con¬ 
ductance curves for tetra-w-butylammonium, tetra-i-amylammonium, and 
dioctadecyldi-^butylammonium thiocyanate 27 in benzene at 25°. The 
logarithm of equivalent conductance is plotted as a function of the logarithm 
of concentration. The measurements were not carried to concentrations 
below that of minimum conductance. At sufficiently high concentrations, 
the conductance curves pass through a maximum due to the rapidly increas¬ 
ing viscosity of the solutions. Between IN and 1 X 10~W, the curves exhibit 
very complex structures. 
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At high concentrations of salt, the concentration of free ions becomes 
appreciable. On the basis of the viscosity of benzene, we should expect the 
limiting equivalent conductance of electrolytes to be somewhat under 100. 
On this basis, the dissociation of tetrabutylammonium thiocyanate at IN 
would be in the neighborhood of 1 per cent. But the viscosity of the lA 
solution of salt is in the neighborhood of 8 or 9 times that of pure benzene. 
Therefore, the concentration of ions must be considerable. On the other 
hand, if multiple-charged aggregates are present, the conductance would be 
increased due to the greater transport value of the multiple-charged ions, 
much as in the case of colloidal electrolytes in water. 

Molecular Weight and Association . Much light is thrown on the nature of 
these solutions by measurement of the molecular weight of the solutes by the 
freezing point method. The lowering of the freezing point of benzene due to 
a number of different salts, has been measured by a precision method. 30 
In figure 11 are shown values of the association number for several salts as 



Figube 11 . Association numbers of some salts in benzene at its freezing point. 
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a function of concentration. 31 The association number is the average num¬ 
ber of formula weights of solute per mole of solute as it exists in solution. 
Experimentally, it is the ratio of the freezing point lowering due to a normal 
solute, having the same formal concentration as the measured solute, divided 
by the freezing point lowering observed for the solute that has been measured. 

As may be seen from jtiguri: 11, all salts are associated at a concentration 
as low as 1 X 10” 3 molal. In general, the smaller the substituent groups of 
the quaternary ammonium ion, the lower the degree of association. Thus, 
the association of tetrawd?amylammonium thiocyanate at 10~ 3 molal is ap¬ 
proximately twice that of the corresponding tetrabutylammonium salt. 

As concentration increases, association increases and passes through a 
maximum. This maximum is displaced toward lower concentration as the 
number of carbon atoms in the substituent alkyl groups is increased. The 
introduction of long chains into the cation increases the degree of association 
markedly. This is shewn in the case of both dioctadecyldibutylammonium 
formate and ocladecyltributylammonium thiocyanate. 32 With these salts, 
the measurements could not be carried to higher concentrations because the 
solubility limit was reached in each case. 

The degree of association of salts in benzene is a function of the size and 
geometry of their ions. Salts with small ions exhibit much less association 
than do salts with large ions. The phenomena observed in solutions of 
salts in benzene are clearly due to interactions that have their seat in the 
charges on the ions. In this connection, it is of interest to note that the 
freezing point of a solution of octadecyl alcohol shows a deviation of only a 
few per cent from that of a normal solute. 

Conclusion 

The phenomena observed in benzene are not peculiar to this solvent. 
While there are no molecular weight data in solvents other than benzene, 
conductance data are available for concentrated solutions of salts in numer¬ 
ous solvents. Below a dielectric constant of 20, or somewhat lower, the 
conductance curves of all solutions exhibit a minimum and a steeply rising 
branch toward higher concentrations. In liquid ammonia (.D — 22), some 
salts exhibit no minimum, others exhibit a minimum, and still others 
show little conductance change over a large concentration interval. In 
methylamine and cthylaminc, all salts exhibit a minimum. If the con¬ 
centration is carried high enough, the conductance passes through a 
maximum due to the increasing viscosity of the solution. It should be 
emphasized that the minimum and the increase of conductance toward 
higher concentrations is just as general and as characteristic for solutions in 
solvents of lower dielectric constant as is the lack of a minimum and the 
continuously decreasing conductance toward higher concentrations charac¬ 
teristic of solutions in solvents of higher dielectric constant, such as water. 
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Up to this time, the only theories we have that apply to solutions of electro¬ 
lytes are of the limiting type. We have no theory that applies to concen¬ 
trated solutions. The \ aried phenomena that may be observed in solutions 
of electrolytes have their origin in the charges on the ions. The observed 
phenomena are the resultant of interactions of the ions with one another 
and with molecules of the solvent medium or other molecules that may be 
present. It would seem that a solution of this problem of electrolytic solu¬ 
tions will be arrived at only through a microscopic analysis of the systems 
in question. In the meantime, there is need for much further experimental 
work of high precision with systems of the most varied nature, in order that 
the generality of various factors that underlie the observed phenomena may 
be determined. 
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DIELECTRIC ABSORPTION BY AMMONIUM SALTS 
IN SOLVENTS OF LOW DIELECTRIC CONSTANT 


By Robert H. Cole and Howard A. Strobel 
Metcalf Research Laboratory, Brown University , Providence , Rhode Island 

Introduction 

The investigation of electrolyte behavior when the solvent has a low 
dielectric constant is of interest because electrostatic forces between ions 
become very large even at small concentrations. The importance of these 
forces has been made evident by a variety of measurements. 1 

The existence of paired ions of unlike sign or of more complex polar groups 
at the expense of simple ions must lead to pronounced changes in the dielec¬ 
tric properties of such solutions. A simple ion-pair clearly constitutes a 
dipole with a moment depending on the size and symmetry of the ions 
concerned. It is, therefore, to be expected that the dielectric effects associ¬ 
ated with polar molecules will have their counterpart in these solutions. 
This conclusion was confirmed, and with it the hypothesis of such ion dipoles, 
by dielectric constant measurements of Kraus et al? for a number of am¬ 
monium salts. The enormously increased dielectric constants found beyond 
the critical concentrations required, on the assumption of a single species of 
dipole, dipole moments large compared even to strongly polar molecules. 

Unfortunately for simplicity, more or less stable higher order groupings of 
ions may well exist, and a number of such species may exist simultaneously. 
It is important to realize that low frequency conductance and dielectric 
constant data, and cryoscopic values, can by their nature give only a statisti¬ 
cal average of the effects of different species, presumably under near-equilib¬ 
rium conditions. The dielectric absorption measurements to be discussed 
here* have an important advantage in this respect, in that they not only give 
a direct indication of the existence of ionic dipoles, but also show the speed 
with which they can react to an applied field. In this way, the complexity 
of the situation is made more directly apparent and indicates whether more 
specific calculations about the groups are possible and justified. 

Theoretical Background 

Absorption Formulae . The classic theory of dielectric absorption is that 
of Debye, 3 in which molecular dipoles are pictured as being subject to the 
combined effect of an orienting torque resulting from any applied field and 
the electric fields of its neighbors. The mean equilibrium orientation under 
these influences is, however, built up only gradually as the molecules readjust 

* The discussion is largely based on experimental work carried out as port of a general investigation 
of electrolytes in low dielectric constant solvents under C, A. Kraus. The absorption measurements were 
made by A. H. Sharbaugh, Jr., and H. A. Strobel, Part of the work reported was supported by a grant from 
the Research Corporation. 
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themselves to the altered situation. The effective field Debye approximates 
by the Lorentz field, and the readjustment by the model of a hydrodynamical 
sphere, subject to Brownian rotation, moving in the viscous fluid. With 
these assumptions, it is found that, for an applied sinusoidal field of fre¬ 
quency v , the dielectric constant e* is given by 


= «' 


it" « + 


(eo — €00) 
1 + Iv/Vo 


( 1 ) 


where 


- ( €oe + 2)/2xr(e 0 + 2 ), r - frjV/kT. ( 2 ) 


In these equations, v c may be called the critical frequency of the absorption, 
expressed by the Debye model in terms of the molecular volume V and 
viscosity 17 , «o is the static dielectric constant realized at low frequencies 
(v < < v c ), and the dielectric constant at frequencies so high (v v e ) 
that the dipole polarization does not form. The Boltzmann constant and 
absolute temperature are denoted by k and T. 

The imaginary component e" gives rise to an “absorption” conductance 
as a result of dipole orientation which is unable to keep up with the alterna¬ 
tions of the field, and the observed conductance is the sum of this and the 
ionic conductance. The relation between the extra absorption conductance 
A k and e" is readily shown to be 

A k - vAe"/1.80 X 10 12 , (3) 


where Ae" is used to indicate the value is for dipole absorption only. The 
measured conductance k(v) in a solution with ionic conductance a 0 (assumed 
independent of frequency) is given by 


k(v ) = kq + Ak = ho + 


(«0 - ej v/v c 
1 + v/vl 


V 

1.80 X 10 12 ‘ 


( 4 ) 


Although the critical frequency v c has been here presented as it appears 
from the Debye model by equation 2, it should be noted that equations for 
«* and k{v), as given by equations 1 and 4, result from a quite general 
assumption about dispersion processes , 4 and different specific models Hd 
merely to different significance of the parameter v e . Similarly, the quantity 
to is differently expressed in terms of molecular parameters, but equations of 
the same, or nearly the same, type form result. The dielectric constant and 
conductance equations, 1 and 4, are thus quite generally representative 
of theoretical predictions. The frequency dependences of o', e", and k are 
shown by the solid curves in figure 1 , the scale of abscissae being logarith¬ 
mic. We shall be primarily interested in the latter two, especially It 
will be seen that the variation of t" on a logarithmic scale of frequency is 
symmetrical about a maximum at v = v e , and that the conduc tan ce value 
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rises from the ionic value kq to an inflection at v = v C) reaching a final limiting 
value at frequencies high compared to v a . 

Although the frequency variations shown in figure 1 are quite a general 



Figure 1 . Dispersion and conductance curves plotted against logarithm of reduced frequency. Solid 
curves from Debye theory, dashed curves from equation 5 for a « 0 4. 

prediction of simpler theories, it is important to recognize that experimental 
data on dielectrics often do not conform very well to the predictions. For 
many dielectrics, it is found that the actual curves retain a logarithmic sym¬ 
metry but are spread out over a much wider band of frequencies, as indicated 
by the dotted lines of figure 1. When this situation is found, any attempt 
to calculate molecular volumes by equations 2 is clearly of dubious sig¬ 
nificance, as are attempts to calculate dipole moments from absorption data, 
(sec the Discussion of “Effects of Negative Ion Stibstitutions”). Broader 
absorption regions encountered in polymer solutions have been quantita¬ 
tively treated by Kirkwood and Fuoss 5 on the basis of internal coiling of 
polymer chains, and the effects of variation in size of the polar unit leading 
to a set of discrete relaxation times have been discussed by a number of 
writers (see reference 6). These hypotheses are, however, not easy to 
reconcile with both the observed behavior and reasonable models in many 
cases. An as yet purely empirical representation for a large variety of 
dielectrics is found to be the addition of a parameter a 6 modifying the 
frequency dependent term in equation 1 , giving 

*0 €oo 

K+ OA *) 1 - 1 




(s) 
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The limits on a in this equation are zero, which gives equation 1 as a limiting 
case, and unity, which gives a frequency spread of infinite width. The 
dashed curves of figure 1 are drawn for a = 0.4. 

If the available frequencies v are much larger or smaller than v C} only one 
end of the absorption region is accessible and only the limiting frequency 
behavior can be observed. These are easily shown from equation 5 to be 
a simple power law dependence of Ac" on v\ 

For v < < v Ci Ae" = (eo — O^/jO 1 " 0 sin (1 ““ «W2, 

= (eo — OO'Ac) if os = 0. 

For v > > v e , Ac" = (c 0 — O(^/j') 1 “ 0t sin (1 “* ^ 

= (e 0 — ej{y e /v) if a = 0. 

The approach of Ac" to these limiting relations is conveniently shown on a 
double logarithmic plot against frequency, as is done in figure 2. For a = 



Figure 2. Logarithmic plot of absorption A«" vs. frequency. Solid curve from Debye theory, dashed 
curve from equation 5 for a =» 0.4, straight line asymptotes from equation 6. 

0 (Debye type behavior), the absorption Ae" varies cither directly as, or 
inversely as, the frequency, except within roughly a factor of five of the 
critical value v c . Correspondingly, the absorption conductance from equa¬ 
tion 4 varies as the square of tire frequency below v 0 , approaching constancy 
above v c . For the broader absorption curve (dashed line, a = 0.4), the 
limiting behavior of Ae" as a fractional direct or inverse power of frequency 
is less rapidly approached. 

Calculation of Dipole Moments . An examination of absorption curves as 
plotted in figure 2 can indicate, even though the complete curve is not 
obtained, whether the Debye type curve can represent the data, or if the 
curves predicted by equation 5 can, by suitable choice of a , be made to fit, 
as they do in many dielectric problems. 6 Once this is done, the value of 
Ac" determines the value of (e 0 — OA* if r « v e or (co — <s Jv c if v 
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v e , and a knowledge of e 0 — e* from other data then determines v c . If, 
further, the curve is of Debye type form, equations 2 then determine the 
Debye relaxation time r and permit at least qualitative estimates of molecu¬ 
lar volume V. If, however, the dispersion is not of this form, the application 
of equation 2 to calculate a value of V is of very uncertain significance, and, 
failing an adequate dispersion theory, the quantity v c had perhaps best be 
left as a measured but unexplained parameter. 

A further use of the absorption data is in calculation of dipole moments, 
as originally developed by Debye 7 for the case of polar molecules in non-polar 
solvents. Generalization of the polarization formulae as a function of 
concentration leads to expressions for both e ' and Ac" of the solution in 
terms of dipole moment and concentration of solute dipoles. Assuming that 
v <K v c and that the solution is dilute enough that Ae* « € 0 , Debye’s 
result 7 is obtained that 


2 


’ J_ V Mi * a*" 

k €o + 2) 4i xN r 2 di 1/ 


( 7 ) 


where ix is the dipole moment in e.s.u.; Mi and di arc molecular weight and 
density of the solvent; -Y 2 is the mole fraction of solute; and N is Avogadro’s 
number. 

The derivation of equation 7 involves a number of assumptions which 
may be open to question in the present application, as follows: 

(1) The solute exists in the solutions only as dipoles of moment ju. 

(2) The absorption lias the simple Debye-type frequency dependence and 
the sphere viscosity model is adequate. 

(3) The mechanism of solute polarization is adequately represented by 
the Lorcntz local field. 

(4) The constants <=o and as they appear in equation 7 for jj? and in 
equations 6 and 2 to determine r from v c , are properly determined. 

From this list of assumptions, it should lie recognized that only in simple 
situations can the use of relations such as equation 7 to determine dipole 
moments be quantitatively very exact. An important advantage of absorp¬ 
tion results, in principle, is the fact that one can decide from data at a single 
concentration whether assumptions (1) and (2) can be valid. 

The Colorimetric Method 

The calorimetric method of determining dielectric losses in liquids is not 
new, having been first used by Harms in 1901. 8 Since then, it has been 
applied by a number of other workers, and the application to polar molecules 
was treated by Debye. 7 Most of this work has been done in investigation 
of polar liquids, and the first extensive application to electrolytes was made 
in a series of investigations at Brown. A detailed discussion of the method 
having been given elsewhere, 0 only a cursory description is necessary here. 
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The basic principle of the method is very simple. A cell in the form of a 
thermometer with two cylindrical electrodes in the bulb is filled with the 
solution to a convenient height in the stem. When a known voltage is 
applied to the cell, heating due to dielectric losses and electrolytic conduct¬ 
ance causes the meniscus to rise, the rate increasing as the square of the field 
and the total conductance. A direct calculation of the conductance in 
terms of heat capacities and thermal expansion together with correction for 
thermal losses is neither convenient nor precise. Whenever feasible, the 
cell is calibrated, instead, for each solution by measuring the rate of heat 
generation at an audio frequency for which the conductance is also deter¬ 
mined by standard bridge methods. The calculation of conductance in the 
frequency range of absorption is thus referred to a low-frequency absolute 
value, which, furthermore, in many cases can be taken to be the ionic con¬ 
ductance kq. The value of Ae" is then given by equation 3. Although 
radiation and conduction losses of heat and dielectric losses in the body of the 
cell are not wholly compensated for without correction, their effect is small 
in many cases and can be satisfactorily estimated by measurements employ¬ 
ing pure solvents. 

The outstanding advantages of the method are its simplicity and high 
sensitivity. The former permits measurements at high radio frequencies, 
and the second makes possible measurements of effects at low concentrations. 
There are, of course, limits of several kinds on the range of usefulness. At 
low frequencies, ionic conductance usually becomes large compared to the 
absorption conductance, and values for the latter are less inaccurate owing 
to their being obtained as a small difference. 

Residual effects in the apparatus also set limits. If the absorption con¬ 
ductance is too small, cell dielectric losses make necessary large and neces¬ 
sarily approximate corrections, particularly at frequencies above 10 m.c. for 
glass cells. Another high frequency difficulty is that of correct measurement 
of voltage across the cell, owing to residual circuit inductance. These 
limitations are mild enough that the method has proved a versatile and 
useful tool capable of further extension. Measurements with the apparatus 
at Brown have proved satisfactory over the frequency range 100 kc. to 30 
me. for many systems. The data considered in what follows were obtained 
by Sharbaugh et al. 10 and by Strobel. 11 All measurements were at 2S°C. 

Discussion of Experimental Results 

Salts with Large Asymmetrical Ions . As outlined in the Introduction, the 
calorimetric method has been applied primarily to investigation of polar 
complexes formed by ammonium salts in low dielectric constant solvents, 
usually benzene. As might be expected, the simplest behavior has been 
found for salts with large and unsymmetrical ions. As examples, there are 
shown in figure 3 the dielectric losses for three slightly soluble salts in which 
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Fioure 3. Logarithmic plot of absorption ns. frequency for large asymmetrical ion pairs in benzene. 


the ions contain either long chain groups or are otherwise of low electrical 
symmetry. The solubility limited concentrations are, in all cases, somewhat 
greater than the critical “break” point from conductance data. The straight 
lines are drawn with a slope of unity on the double logarithmic plot, and the 
fit indicates that Ae" varies linearly with frequency. This is in agreement 
with the Debye absorption theory prediction for frequencies much less than 
the critical frequency and makes reasonable its use in at least a semi-quanti- 
tative way to compute something about the nature of the polar aggregates. 

It is natural to assume that only one species of aggregate exists, which, 
moreover, involves virtually the entire salt content. This is not unreason¬ 
able in view of the simple character of the loss-frequency curve and of con¬ 
ductance data indicating few ions at these concentrations, and is supported 
a posteriori by the results of calculations based on the assumption. The 
magnitude of the absorption at a given frequency then gives a value of 
(€ 0 — OAc from equation 6 . The values of €o and €«, are determinable 
(with some reservation) by using audio-frequency values for eo and the di¬ 
electric constant of the solvent for e M . The critical frequencies v c are then 
known, and, by inserting values of solution viscosity in equation 2 , values 
of dipole volume can be obtained. Similarly, the use of these data in 
equation 7 yields a value of dipole moment. 

The results for the three salts are shown in table 1. It is seen that the cal¬ 
culated molecular volumes are of reasonable magnitude for ion pairs, though 
somewhat small, and that the very large dipole moments are compatible 
with pairing of large asymmetric ions. 
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Table 1 

Dipole Momenis and Volumes from Absorption Dapa 


Salt, Concentiation 

r(A j ) 

a(A) 

m(D) 

Bu 2 Oct 2 NOctSOi ( 00040) 


810 

5 8 

14 7 

BuiNPhjBOH ( 0010) 


990 

6 2 

13 5 

Bu 2 0ct 2 NSt ( 0033) 


1900 

7.3 

9 0 


Effect of Solvent and Concentration in Monodisperse Systems . The assump¬ 
tions involved in obtaining values for V and /* are seen to be several. In 
particular, the results are based on the validity of the viscosity model for the 
relaxation process and the Lorentz field for the polarization. There are 
partial tests as to the consistency of these models; one based on varying 
concentration and solvent viscosity, and the other on agreement with molar 
polarization values from audio-frequency dielectric constant data. These 
tests have been made for tri-is 0 amylammonium picrate, 11 a salt which has 
large, electrically asymmetrical ions and is a weak electrolyte in benzene 
solution. The dielectric absorption results are shown in figure 4a. The 



Figure 4a. (left) Variation of absorption for tri-fso-amylammonium picrate with concentration 
and solvent 

Figure 4b. (right) Comparison of for ternary and quaternaiy picutcs in anisole. 


solid lines on the plot of Ae" are for two concentrations in benzene, and the 
dashed lines for a solution in diphenylmethane, a weakly polar solvent with 
nearly five times the viscosity of benzene. 

It is qualitatively apparent from figure 4a that the shifts of the curves 
are consistent with concentration increase causing a proportionate incr ea s e 
in Ae", and the greater viscosity of diphenylmethane causing an increase by 
lowering the critical frequency v c and displacing the curve to the left. These 
conclusions are made quantitative by calculations of V and /x, a procedure 
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again made plausible by the linear variation of Ae" with v. The results, 
summarized in table 2, show that variations of concentration by a factor of 


TABLr 2 

Dipoll Mominis and Volume ior TrwWmylammonium Picryte 


Solve ill, Concent! ation 

v(A<; 

a (A) 

a m 

CeHb (.0085) 

590 

5 2 

10.5 

( 093) 

460 

4 8 

10.4 

CIb?h 2 ( 010) 

350 

4 4 

11.0 

(.069) 

860 

5 9 

9.7 


ten and solvent viscosity by a factor of five yield reasonably consistent 
calculated values of dipole moment and volume. This consistency lends 
considerable support to the view that, for this salt, a single, well-defined 
dipole ion pair comprises virtually all of the salt content regardless of the 
large changes in concentration and viscosity. Such a unit is, of course, 
reasonable because of the asymmetry of the ions. This view is further in 
harmony with low-frequency dielectric constant data which yield a dipole 
moment of 13 debye units from the Debye polarization at infinite dilution, 
as compared to the absorption values of 9.7-11 debye units. Not only is 
the agreement fairly good; the difference is consistent with observed concen¬ 
tration effect on polarization as well. 

That the situation is often less simple is illustrated by data on tetrabutyl- 
ammonium picrate, differing from the previous case by having a symmetrical 
cation. In this case, anisole was used as the solvent, giving a strong elec¬ 
trolyte. Data for the tri-^D-amylammonium picrate in anisole are plotted, 
together with Ihc tetrabutylammonium picrate data, in figure 4b, to show 
the difference. It is seen that the former gives a linear Ae" vs. v relation as 
in the other solvents, except for a slight curvature at the lowest frequencies, 
which is probably experimental inaccuracy resulting from the large ionic 
conductance correction. The more symmetrical cation, however, results 
in a pronounced minimum. The values of Ae" in this case are large enough, 
compared to the conductance correction, that there is little doubt of the 
effect being real. 

On the basis of the Debye theory, a minimum of As" can come about only 
by the overlapping of more than one dispersion region, the experimental 
data falling in the transition range between two such regions. Without a 
much more extensive frequency range, absorption data, clearly, cannot tell 
how much of the total dipole effect belongs to either region, to what extent 
the regions overlap, or even whether either region can be described by rela¬ 
tions of the form of equation 1, Under these circumstances, there is, 
clearly, no way to determine dipole moments or dipole volumes, and further 
measurements are necessary to establish the true situation and contributing 
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factors to it. One important point is illustrated by this example, namely, 
that absorption or other data involving the effect of time rates of change can 
show very directly the complexity of the dipole formation in a way that 
equilibrium measurements, representing a sum of effects, cannot, except by 
examining consistency with specific assumptions. 

Picrate Data . The isolated example of tetrabutylammonium picrate 
clearly does not give any very complete indication as to the contributing 
factors in causing more complex dipole formation. A further attack on the 
question has been made by substitution of long chains for butyl groups in 
the ammonium picrate. 11 The data for octadecyl and dioctadecyl salts at 
several concentrations in benzene are plotted in figure 5. In the graph 



Figure 5. Equivalent absorption vs. frequency of substituted quaternary ammonium picrates at three 
concentrations m benzene. 

are plotted values of equivalent absorption Ae B ", defined as the specific 
absorption Ae" multiplied by 1,000/c, where c is the molar concentration. 
If the dipole absorption represents all or a constant fraction of the salt 
content, Acs" should be sensibly independent of concentration. It is seen, 
from figure 5, that this is by no means the case for either salt, A increas¬ 
ing markedly with concentration. This behavior is to be contrasted with 
that for trM$ 0 amylammonium picrate, where for a given solvent Ae B tr is 
veiy nearly constant (Ae" proportional to c). 

Comparison of the long-chain substituted salts with the data of figure 4 
for tetrabutylammonium picrate shows that the Ac*" curves all show the 
general characteristic of a minimum between two absorption regions, which 
is modified only in detail by the concentration. The shift of the minimum 
to higher frequencies with larger salt concentration must be a result of shifts 
in position of the two absorption regions, change in their relative importance, 
or both. That the total contribution to dipole polarization increases more 
rapidly than salt concentration is plausible from the curves. This is con¬ 
firmed by low-frequency dielectric constant values, which show a similar 
rapid increase above concentrations of 10~®, a behavior not found for tri- 
wpamylammonium picrate. 
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On the basis of the Debye model, one would naturally associate the lower 
frequency absorption region with existence of very much larger dipole 
aggregates, and the curves of figure 5 then suggest an increasing proportion 
of these as concentration increases. Without more complete data, this 
can, however, be no more than a reasonable guess. The simplest data to 
help clarify matters would undoubtedly be values for the dielectric constant 
e' in the region of the minimum, which would give a measure of the net 
polarization at these frequencies. By comparison with low and high fre¬ 
quency values, limits could then be set on the contributions to the two 
types of polarization and areas under their absorption curves. A more 
complete frequency range of values for Ae" would serve the same purpose, 
but the necessary instrumentation to accomplish this is not a minor under¬ 
taking. 

Another factor, not as adequately investigated, is that of effects at very 
low frequencies. The quaternary picrate solutions all showed large apparent 
increases in e' at audio frequencies (see the section on “Related Effects”). 
Whether this is real or the result of electrode effects is unknown; but if it is 
real, the situation becomes even more complex. It is to be noted that, in 
any such case, intercomparison with conductance measurements and 
freezing point or solvent distribution coefficient data must be made with care 
to insure one is talking about the same thing in all cases. 

Effects of Negative Ion Substitutions . A partial indication of differences 
determined, to a great extent at least, by the negative ion in ammonium 
salts is evident in the results already discussed. For dioctadecyldibutyl 
salts, the octadecyl sulfate and stearate ions, both containing long chains, 
give every indication of a single, simple absorption region, and one is natu¬ 
rally led to the idea of a single homogeneous species of dipole, presumably an 
ion pair with large dipole moment. For the picrate salt, however, one must 
assume at least two reasonably well-defined species, which are otherwise 
somewhat indeterminate from present data. An extension of the argument 
would lead one to expect even more complex behavior and more extensive 
aggregation for smaller and more symmetrical anions, and this is indeed 
found. 

The effect of anion substitution for strong electrolytes in benzene is shown 
by measurements in a number of octadecyltri-w-butylammonium salts, 
these being sufficiently soluble to permit significant variations in concentra¬ 
tion. Substitution of iodide, chloride, nitrate, formate, and thiocyanate ions 
has been investigated 11 and, in all cases, a broad absorption region was found 
except at low concentrations for the frequency range of measurement. 
Examples of the results are shown in figure 6 for the iodide and nitrate ions. 

For the iodide at the lowest concentration (c = 1.69 X 10"” 3 ), it is seen 
that a straight line of unity slope fits the data reasonably well, which is 
consistent with the assumption that a single species of dipole exists with a 
high relaxation frequency. Calculations for this case based on equations 
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Figure 6. Equivalent absorptions vs frequency for iodide and nitrate substitutions as anions. 


6 and 7 give values consistent with the hypothesis of an ion pair with large 
dipole moment. At higher concentrations, however, the situation is very 
different. The frequency v c is of the order 10-30 megacycles, instead of the 
calculated value of 1700 m.c. for the lowest concentration, and the curves 
are much too broad to be fitted by a Debye type absorption. The curves can 
be fitted quite well by the generalized empirical formula, equation 5, using 
values of a from 0.40-0.60. 

The values of a required to fit the shape of the curve can be compared 
with an alternative calculation based on the fact that the dispersion of 
dielectric constant and loss factor are not wholly independent. If equation 
S is valid, it is readily shown that the maximum value Ae"(v c ) of the absorp¬ 
tion is given in terms of the dielectric constants co and as 

Ae"(jO = (1/2)(c 0 — O tan (1 — oOtt/4. (8) 

From this, the value of oc to give Ae" (v c ) correctly may be found from ap¬ 
propriate values of e 0 and e w . The curve for c = 1.7S X 10~ 2 , for example, 
gives the value Ae" (v e ) — 0.019. Taking to be 2.272, the dielectric 
constant of the solvent, and co to be the dielectric constant at 7.5 kc gives 
a = 0.56, as compared to a value a = 0.5 obtained by best fit of the loss 
curve. Similar agreements are obtained for other concentrations. When 
it is realized that some uncertainty is attached to the propriety of the eo 
and €*, values used, one can conclude that the empirical fit is an adequate 
representation of the absorption data. 

The very great difference in form of the curves of figure 6 from the 
Debye result is evident from figure 1 , in which the curve for a — 0.40 is 
compared with the limiting case a = 0. Under these circumstances, the 
use of equations 6 and 7 to compute values of dipole moment n and molecular 
volume V is clearly not legitimate. One might instead assume that the 
modified equations for a ^ 0 describe a heterogeneous system of dipoles, 
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all having the same moment but with a distribution of effective volumes, 
a mean value of the latter being determined by the frequency v e of ma ximum 
absorption. If this is done, one obtains somewhat smaller moments, of the 
order 3—5 Debye units, and very much larger molecular volumes ranging 
from 700 to 1000 X 10~ 24 cm. 3 

The dubious nature of values obtained for n and V is apparent from the 
assumptions. The very broad spread of the Ae" curves evidently could 
result only from a correspondingly great range in values of the molecular or 
ionic parameters, and it is not obvious that all species would have closely 
similar dipole moments. A further difficulty lies in the shape of the loss 
curves, which, as far as can be judged, have an essentially logarithmic 
symmetry about the critical frequency. This requires that the contribution 
of species having individual critical frequencies above and below the ob¬ 
served v c be essentially logarithmic also, as a result of dipole moment and 
size variation. For a = 0.5, the necessary range of these frequencies to 
include 95 per cent of the polarization covers a factor of 10®, a difficult 
number to explain by size variation. The model seems hardly to describe 
the present situation, and, pending a more adequate theoretical background, 
a rather qualitative approach here seems to be all that is justified. 

It seems reasonable to suppose that very low values of critical frequency 
in a solvent of low viscosity like benzene must be attributed to strong and 
extensive interactions among ions, the extreme case of such interaction being 
the formation of stable compound ions or neutral molecules. Other things 
being equal, the numbers of such ions which are held together as single, more 
or less well-defined polar units must be larger to give lower critical fre¬ 
quencies. The existence of broad absorption regions, expressed by large 
values of the parameter a , for example, must correspond to increasing 
departures from the idealization of a single homogeneous species. On this 
basis, it is of interest to examine the data for the various anion substitutions 
in the ocladecyltributylammonium series. 

The data for the iodide of figure 6 show a progressive decrease in critical 
frequencies with increasing concentration, thus indicating a rapid growth in 
aggregation. The breadth of the curves corresponds to values of a from 
0.45-0.55, as found from equation 8, with no obviously great increase with 
concentrations above 1 X 10~ 2 . 

Unfortunately, the lower range of concentrations (c=2X 10~ s to 10" -2 ) 
for which dipole formation begins has not been investigated for these salts. 
It would be of interest to trace, for this or a similar system, whether the 
more complex absoiption developes gradually or abruptly from the simple 
behavior. Presumably, in this range, only the low-frequency limiting slope 
would be evident from radio-frequency data, but even this should give worth¬ 
while information. 

The data for the nitrate, plotted in hoube 6, are similar to the iodide 
results except that the critical frequency for a given salt concentration is 
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roughly twice as great. Similar comparisons can be made for formate, 
thiocyanate, and chloride ions, as shown in table 3. From these data, it 

Table 3 

Critical Frequencies and Dispersion Parameters for Octadlcyltri-h-butyl- 
ammonium Salts in BrN/ENL 


(Frequencies v e in megacycles. Values of a calculated from Ae" (y r ) using e« = 2.272 
and 6o = e of solution at 7.5 kc. 


Anion 

no 3 


I 

NCS 

Cl 

vc(c = 1.4 X 10“*) 

50* 

50* 

25 

11 

40 

v c ratio to Cl 

1.3 

1.3 

0.6 

0.3 

1.0 

a 


0.43 


0.57 

0.49 

vdfi = 1.7 X 10-*) 

30 

_ 

8.3 

_ 

14.3 

v c ratio to Cl 

2.1 

— 


— 

1.0 

a 

0.53 

— 


— 

0.43 


* By Extrapolation. 


would appear that less extensive interaction effects occur for the large 
nitrate ion and the formate ion, while a greater effect occurs for the thio¬ 
cyanate ion than for the simple chloride and iodide ions. In all cases, 
aggregate volumes V , however estimated, come out much larger than are 
reasonable for simple ion pairs, and the values of a obtained fall in the range 
0.4-0.6, indicating no single simple species. 

Effects of Positive Ion Substitutions . The effect of different cations has 
already been illustrated for picrates, under the heading, “Calculation of 
Dipole Movements,” where it was seen that there is a very marked difference 
in behavior of tri-isoamyl and substituted quaternary butylammonium ions, 
but that addition of long-chain groups in the latter case did not change the 
qualitative form of the loss curves. 

Data for a second series of cation substitutions, carried out for the small 
symmetrical thiocyanate ion, 11 are plotted in figure 7. As would be ex¬ 
pected from the other results, the frequencies of significant absorption are 
very low and the absorption is spread out over a broad range of frequencies. 
The values of v c and the parameter a, calculated as before, are listed in 
table 4 for a concentration c = 1.4 X 10“ 2 molar. The substitution of one 
octadecyl chain lowers v c by about a factor of ten and the second by a further 
factor of seven, and the necessary values of a to fit the data are again of the 
order 0.4r-0.6. The already low values of v c and the large changes must 
certainly indicate extensive interaction effects, while the nature of the curves 
precludes their being interpreted simply in terms of single species. 

Data obtained at other concentrations show appreciably increased equiva¬ 
lent loss factors at higher concentrations, indicating a greater proportion of 
large aggregates. 

The conclusion as to size and complexity are in general agreement with 
freezing point and conductance data. The former yield polymerization 
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Figure 7. Equivalent absorptions vs. frequency for substitution of octadecyl chains in 
thiocyanates 

numbers increasing rapidly with concentration, which are, moreover, much 
greater in the octadecyltri-n-butylammonium than in the tetra-w-butyl- 
ammonium salt. Conductance measurements 12 show a rapid drop for con¬ 
centrations greater than the “break” value, indicating a rapid decrease in 
either number or mobility of ions or both, and this is just as the absorption 
data indicate. 


Related Effects 

Relations between absorption measurements and evidence from conduct¬ 
ance, freezing point, and low-frequency polarization data have been indi¬ 
cated in the preceding discussion. In addition to these, the observation of 
non-ohmic field effects on conductance give further support to the general 
picture, and investigations of dielectric constants at audio-frequencies 
suggest further complexity of many systems. 

Wien Field Effect . Significant increases in low-frequency (60 c.p.s.) con¬ 
ductances with field strength were observed in some of the investigations 
discussed here. These were found for dilute solutions of low conductance, 
for which large fields (up to 10 kv/cm.) were necessary to obtain reasonable 
heat effects as calibration for the absorption measurements in the megacycle 
range. Because of their incidental nature for the primary objective, only a 
few measurements were made, which sufficed to establish existence of the 
effect and give qualitative values. These data indicated little change of 
conductance for fields less than about 5 kv/cm. At higher fields, an increase 
became evident which approached a linear change with field strength. 

The observations are evidently to be accounted for primarily as a dissoda- 
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tion of loosely bound aggregates, as treated by Onsager 12 for the case of ion 
pairs. The theory predicts a linear increase of conductance with field 
strength for fields great enough that influence of the ion atmospheres can be 
neglected, the calculated increase being 3.2 per cent per kilovolt/cm. if the 
conductance is evaluated from calorimetric data. The observations showed 
comparable but somewhat greater increases. The discrepancies found are 
not surprising, as the other effects of aggregation all point to much more 
complex beha\ior than ion-pair formation in the cases observed. The 
experimental values did not agree too well between runs with different cells 
for the unfavorable conditions when the effect was observed. The existence 
and magnitude of the effect do, however, confirm the other forms of experi¬ 
mental evidence. 

Relation to Dielectric Constant Data . The data obtained with the 
calorimetric method on dipole absorption show behavior of the systems 
investigated only for a limited frequency range (100 kc. - 28 me.), and the 
possibility often exists that a given system may possess other absorption 
regions either at much higher or lower frequencies, which are missed entirely. 
The most desirable evidence on this point would obviously be essentially 
complete frequency coverage from optical frequencies down to sub-audio 
frequencies, a goal not likely to be soon achieved. Failing this, there exist 
other checks which may, in some cases, suffice to establish the adequacy of 
existing results, and in others give some quantitative indication of what is 
missing. 

The basic consideration which makes checks on the data possible is the 
fact that absorption of energy and dispersion of the dielectric constant over 
the frequency range are two aspects of the same dipole (or other) polariza¬ 
tion. As such, a complete knowledge of the spectrum of one defines the 
other by well-known integral relations. 6 As a special case, the area under 
an absorption curve of Ae" versus frequency is expressed in terms of the 
limiting dielectric constants e 0 and e*, as 

Jf As" d In v = ^ (« 0 — e»), (9) 

a relation readily verified for the specific formulas, equations 1 and 5. 

If the values of €o and e* are known, the form of the absorption curve is 
then limited by equation 9. In simple cases of absorption, this gives 
considerable assurance that only one region of si gnifican ce occurs. In the 
cases discussed in the “Discussion” section, only a small fraction of the 
absorption curve was observed, but the fact that dipole moments calculated 
from its slope and from the difference (e 0 — ej agree well with moments 
computed from the low-frequency dielectric constant and the same polariza¬ 
tion model is good indication that no other absorption region of importance 
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exists in these cases. This agreement, of course, does not preclude the 
existence of sub-audio frequency effects, but no good reason from equilibrium 
data is apparent for such effects. 

If the absorption behavior is less simple, the situation is not as clear-cut. 
In the case of the picrate salts for which evidence of two distinct absorption 
regions was found, the difference eo — t^ of audio-frequency and solvent 
dielectric constants can only limit the sum of the areas under the two absorp¬ 
tion curves. Even this is true only if there is no further absorption at 
frequencies higher than the one for which € 0 is obtained for the picrates and 
out of the range of the absorption data. 

The situation for the picrates can be better defined experimentally only 
by further data. The approach which appears most promising is investiga¬ 
tion of the dielectric constant e' at frequencies from 10 kc. to 10 me. or 
higher. Measurement of e' rather than At" appears preferable as, in this 
range, values of At" are obtained as a small difference of large numbers. 
Together with present absorption data, such measurements should clarify 
matters greatly. 

The data for salts which show broad absorption regions present a special 
problem, because, as yet, no adequate theoretical model has been devised. 
The integral relation, equation 9, is unaffected by this, as its validity 
requires only that the phenomenon be a linear one, but its application fails 
to give a definite answer if only a small part of the absorption range is 
measured. 

If an empirical equation such as equation S is found to describe the 
measured absorption data when a is chosen to fit any point, the assumption 
that the rest of the curve is also fitted is reasonable. Tests of this kind have 
been made on much of the data by calculating a from the observed At"{y^) 
by means of equation 8. The most reasonable available values for 6o are 
the highest audio-frequency measurement at 7.5 kc., and t^ has been taken 
to be the dielectric constant of the solvent The proper values of the latter 
are, of course, for the solution at sufficiently high frequency {y p c ). 
These are not available, and the solvent value has been chosen as certainly 
not greatly in error for small concentrations of solute. 

The calculated values of a from equation 8 for various salts and con¬ 
centrations have been listed in tables 3 and 4. Values of a may also be 


Table 4 

Critical Frequencies and Dispersion Parameters tor Thiocyanates in Benzene 
( c =* 1.4 X 10“*, Other Quantities as in Table 3) 


Cation 

BikN* 

OctBtu 

OctsBuf 

v c 

120 

ii 

1.5 

a 

0.4 

0.57 

0.45 


* Values estimated from data for c « 0£36 and 1.75 X 10~*» 
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selected to give the best average fit to observed points. For octadecyltri-/i- 
butylammonium nitrate s c = 2.54 X 10"-), the value of a from table 3 
is 0.47, and the best fit to the data of figure 6 was found for a = 0.42. 
Similar agreement in the other cases of the “Discussion” Section give support 
to an assumption that only one, albeit very broad, absorption region exists 
above audio frequencies. 

A somewhat dubious indication of value as to the total absorption can be 
obtained by assuming that the mechanism of absorption is such that the 
complex polarization" of the Debye theory is governed by the factor 1 + 
(fv/vc) 1-ot rather than (1 + iv/v c ) and that all aggregates have the same 
dipole moment. This value can then be computed from either low-fre¬ 
quency data for eo or from the absorption data for (eo — OAc an d a • The 
two results for y in several cases tried showed agreement to about 20 per 
cent and further varied in the same ratio with concentration. Such agree¬ 
ment hardly justifies the assumptions, but rather indicates in a different 
way than before that only one absorption region above audio frequencies 
of any importance exists. 

Law-Frequency Dispersion . The evidence so far discussed does not 
preclude the existence of further absorption regions at audio and sub-audio 
frequencies. These, of course, would have to be attributed to extremely 
sluggish polarizations as a result of very large aggregates or otherwise. 
Some evidence from dielectric constant data at audio frequencies appears on 

* The term here refers to the field vector, not to the additi\ e function of Debye’s theory. 
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its face to confirm this. Representative data of e' for several systems, at 
concentrations of 1.4 to 1.7 X 10~ 2 , are plotted in figure 8. Only slight 
variations of e r are indicated for the octadecyltri-^-butylammonium nitrate, 
and the thiocyanate shows only a slight indication of a drop above 3 kc. 
The dioctadecyldibutylammonium thiocyanate data, however, show a 
marked rise at low frequencies. A similar behavior has been observed in 
other solutions at the higher concentrations investigated, the rise at the 
lowest frequencies being much more marked in some cases. 

The reality of this effect has unfortunately not been established with 
any assurance. The difficulty is, of course, the possible existence of large 
electrode polarization effects, which can lead to just the observed sort of 
variation of apparent dielectric constant. The polarization effect is most 
pronounced for solutions which are good conductors, but little correlation 
is found between the rise in e' and the audio-frequency conductance. Ex¬ 
perimentally, what is wanted is, clearly, measurements using cells with 
variable spacing of electrodes, in order that the polarization error may be 
determined, and, if this is not the whole of the effect, corrections to find the 
true variations in e' can be made. 

That the effect may, in fact, be present is at least plausible on comparison 
with the absorption results at radio frequencies. The observed dispersion 
effects are most pronounced for systems in which the absorption is large and 
spread over a wide frequency range, indicating directly extensive and 
complex interaction. The existence of still more sluggish polarizations is 
then more plausible in these cases than when the existence of smaller, better 
defined aggregates is indicated, and the correspondence between the two 
groups of data from this viewpoint is interesting. Pending experimental 
data of known significance, much further discussion of such polarizations, 
except as possibilities not to be excluded without proof, is hardly warranted. 

Summary 

Measurement of dielectric loss makes possible considerable progress in the 
understanding of electrolytic systems for which association of ions into polar 
aggregates occurs. The investigations on which the present discussion is 
based have shown clearly the difference between systems in which only 
simple dipole ion-pairs are formed, and cases in which more complex types of 
aggregation occur. The conclusions drawn from absorption measurements 
are generally consistent with available conductance, dielectric constant, 
and cryoscopic data. 

The characteristic features of absorption results are that the effects result 
from polar groups, and that, in contrast with equilibrium measurements, 
direct evidence of the kinetic behavior of these groups is obtained from the 
frequency variation. As a result, some idea of the extent and complexity of 
aggregation can be obtained at a single concentration. Deductions as to the 
significance on a molecular scale of the results become less quantitative in 
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more complicated systems because of limited frequency range of measure¬ 
ment, and because of the absence of adequate models. 

The future possibilities of dielectric absorption measurements appear to be 
very great, particularly if their range can be extended to give a more complete 
spectrum and studies also made of the effect of temperature. With such 
extensions of experimental methods, a wider range of systems can be exam¬ 
ined and a more comprehensive description of the less simple systems ob¬ 
tained. 
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FACTORS INFLUENCING THE PROPERTIES 
OF LONG-CHAIN ELECTROLYTES IN WATER 
AND WATER MIXTURES OF ORGANIC SOLVENTS 

By Philip F. Grieger 

Lalor Foundation Fellow , Brown University , Providence , Rhode Island 
Introduction 

This paper is a brief su mma ry of some of the experimental work on long- 
chain electrolytes that has been done in this laboratory during the past few 
years. 1 The present experiments were primarily conducted to explore the 
range of phenomena exhibited by long-chain electrolytes in water-rich 
solutions. At present, there is no quantitative theory for the facts presented 
here, and, in the discussion that follows, enumeration of possible explanations 
of these facts has been avoided, unless, as in the case of the next section, 
the hypothesis in question admits of direct experimental test. 

Concentrations Less Than Critical 

Perhaps the simplest hypothesis that has been offered in connection with 
long-chain electrolytes states that, at concentrations less than critical, these 
electrolytes are completely dissociated. This hypothesis is consistent with 
the preponderance of the facts. 

In most instances the A — -\/C curve can be represented reasonably well 
by a straight line at concentrations less than critical, and the slope of this 
line is, in general, of the same order of magnitude as the Onsager slope for a 
completely dissociated electrolyte. 

By and large, such conductance measurements as we have at present have 
been made with water of specific conductance 2 10” 6 . Since A 0 for most of 
the salts in question is about 100, the solvent correction at lO"' 4 N is about 
10 per cent, at 10” 8 N about 1 per cent. The theoretical slopes, dA/dVC , 
are of the order of magnitude 100 so that between 10~ 4 N and 10 -8 N> say, 
the decrease in A is of the order of 2 A units. Then, if, for example, A were 
known precisely at 10~ 8 N and with an uncertainty of d= 1 per cent at 10"" 4 N 
(which could easily be the case with a 10 per cent solvent correction), the 
slope, as determined by these two measurements would be uncertain by 
+33 to —50 per cent. Even if these electrolytes are completely dissociated 
(at concentrations less than critical), the Onsager slope can hardly be ex¬ 
pected to hold within a few per cent at concentrations as high as 10“ 3 A T . 
Hence, if the Onsager slope is to be taken as a criterion of complete dissocia¬ 
tion in these systems, measurements will have to be made with pure water 
(specific conductance 10“ 7 , or less) down to concentrations 10 -4 iV, or less. 
An attempt to make measurements of this sort is now under way by Mr. D. 
W. Kuhn, of this laboratory. 


827 



828 ANNALS NEW YORK ACADEMY OF SCIENCES 

The present situation in connection with the A — y/C slopes is fairly well 
illustrated by the case of dodecylammonium chloride in water at 25°. A for 
this system* is shown as a function of y/Cm figure 1. Apparently, A is 



io /c 

Figure 1 . Dodecylammonium chloride in water at 25°. Open circles, this laboratory; Solid circles, 
Ralston & Eggenberger; Half circles, Ralston, Hoerr & Hoffman (ref. 3). Dotted line on insert has 
theoretical slope. 

not a linear function of y/C up to the break, but shows upward curvature 
characteristic of strong electrolytes. At concentrations less than 10~ 3 N , 
the slope approximates theoretical. 

Evidence of a different kind in support of the view that long-chain elec¬ 
trolytes are completely dissociated at concentrations less than critical is 
shown in figure 2. Here, the distribution of hexadecylpyridonium chloride 
between water and nitrobenzene is given as a function of water-phase con¬ 
centration. C, /, and a stand for total salt concentration, mean activity 
coefficient, and degree of ion-pair dissociation. Primes refer to the water 
phase; nitrobenzene quantities are unmarked. Curve 1 shows the ratio 
C/C ; curve 2, Cf/Cfct. The latter quantity is constant and equal to 0.300 
at concentrations less than 5.80 X 10~ 4 N (the critical concentration on the 
A — \/C plot, not shown here) and increases at higher concentrations. 
Coef is the mean simple ion activity in the nitrobenzene phase, if this solution 
contains only simple ions in equilibrium with ion pairs. That such is the 
state of the nitrobenzene phase is indicated by the fact that the Fuoss dia¬ 
gram holds for this solution; the ion-pair dissociation constant is 1.19 X 1Q~ 2 . 

* The results of Ralston - and co-workers are given for comparison.* 
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Figttre 2. Distribution of hexadecylpyridonium chloride between water and nitrobenzene at 25*. 
Curve 1, c'Jc\ Curve 2, c'j'/cja. 

Similarly, if the electrolyte is completely dissociated in the aqueous phase, 
Cf equals the mean simple ion activity in this solution. Since it is necessary 
for equilibrium that a + f aJ / a + a- be constant, the distribution rest Its 
are consistent with the hypothesis of complete dissociation. These resu ts, 
of course, apply to water saturated with nitrobenzene (the solubility of 
nitrobenzene is about 0.2 per cent by weight). The equivalent conductance, 
for example, of hexadecylpyridonium chloride in pure water and water 
saturated with nitrobenzene is not the same. In fact, at concentrations 
greater than critical, the discrepancy is large—A is about 20 per cent lower 
at 10~* N in water saturated with nitrobenzene than in water. 

Constitution of the Electrolyte 

It has been established* that, for a homologous series of long-chain elec¬ 
trolytes, the members of which differ only in the number of carbon atoms 
in the chain, the critical concentration in water decreases as the length of the 
chain increases. There are, apparently, no exceptions to this rule. The 
range in concentration over which the critical concentrations run is large: 
about 0.4 N for octyltrimethylammonium bromide 2 down to 8 X 10"* for 
octadecyltrimethylammonium oxalate. 

No extensive comparison has been made between quaternary long-chain 
salts with various substituents on the nitrogen atom. It is known, however, 
that octadecyl and hexadecyl pyridonium salts have lower critical concen¬ 
trations than the corresponding trimethylammonium salts. 

The conductance in water has been determined for at least two diam- 
monium salts having quaternary nitrogens at either end of a ten-carbon 


* For references, see McBain.* 
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chain. The critical phenomenon is not observed at concentrations up to 
several times the critical concentration of decylammonium chloride. 

Although it is generally recognized that the constitution of the long-chain 
ion is important in determining the properties of this class of salts, as indi¬ 
cated above, relatively little attention has been paid to the role of the 
gegen ion; it is generally accepted that two long-chain salts which differ only 
in the identity of the inorganic gegen ion will exhibit substantially the same 
behavior in solution. That this is not always the case, is readily seen from 
figure 3, where the equivalent conductance is plotted against yfc for five 


uf 



0 1 2 3 4. 

100 Vcf 

Figuke 3. Curves for octadecyltrimethylammonium salts in water at 25°. (1) Chloride, (2) formate 
(3) bromate, (4) nitrate, (5) oxalate. 

»-octadecyltrimethylammonium salts in water. Among the 1-1 salts, the 
ratio of the extremes in critical concentration is about 2:1, formate com¬ 
pared to nitrate. Even more striking is the fact that the critical concentra¬ 
tion of the formate is more than 16 times the critical concentration of the 
oxalate. Not only does the critical concentration show considerable 
variation with gegen ion for the salts tested, but the slope at the critical 
concentration approached from the high concentration side shows a marked 
dependence on gegen ion. The magnitude of the slope decreases in general 
as the critical concentration increases; it is about 10 4 for the oxalate and 10® 
for the formate. 

In connection with the maximum phenomenon, the nature of the gegen 
ion makes its most noticeable eSect. Thus, octadecylpyridonium nitrate 
and iodate provide an interesting comparison. The A — VC plot for the 
nitrate in water shows the usual breakpoint; in the same solvent, the iodate 
exhibits a ma x i mum in A starting at about 1 X 10 -4 N, the peak is about 10 A 
units high (riGtnus 4, curve 3). 

Further comparisons of this sort are possible. Although octadecyltri¬ 
methylammonium chloride and nitrate both show the simple breakpoint 
phenomenon in water, in methanol-water mixtures, containing 10 to 35 per 
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IOOVS" 

Figuee 4. Hexadecylpyridonium iodate in: (1) water; (2) 7.94% /-butanol. Octadecyloyridomuin 
iodate in: (3) water; (4) 16.18% methanol. 

cent methanol by weight, the chloride shows a maximum in A, the nitrate 
does not. The maximum phenomenon is discussed in more detail in the 
next section in connection with the effect of solvent composition. 

Solvent Composition 

In pure organic solvents, in general, long-chain electrolytes behave like 
simple electrolytes. In methanol, for example, the conductance is a linear 
decreasing function of VC; the slope conforms closely to theoretical. It is 
of interest to see how the addition of such substances influences the charac¬ 
teristic behavior of long-chain salts in water. 

On the addition of methanol, the conductance of the octadecyltrimethyl- 
ammonium salts in water is altered in either one of two ways. First, the 
A — -%/C curves show the breakpoint phenomenon at low concentrations of 
methanol. The breakpoint moves to higher concentration as the methanol 
content increases; concomitantly, the breakpoint becomes less sharp. In 
water and mixtures of low alcohol content, the slope —dk/d\/C changes 
nearly discontinuously at the breakpoint; in mixtures of higher alcohol 
content (between about 30 and 50 per cent methanol), the slope is continuous 
at all salt concentrations; above about 50 per cent methanol, A is essentially 
rectilinear in VC. In this class belong the nitrate, oxalate, and bromide. 
The A — VC curves for the oxalate, which illustrate these points, are shown 
in figure 5. 

On the other hand, the conductance plots of the chloride, bromate, iodate, 
and formate all exhibit maxima in mixtures that contain between about 10 
and 35 per cent methanol. The peak in A is highest at about 20 per cent 
alcohol. The height of the peak in 20 per cent methanol decreases as the 
gegen ion is iodate (4 units), formate (3.5 units), bromate and chloride (2 
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loov'c’ 

Figure 5. Octadecyltrimctbylammoniura oxalate in -water-methanol mixtures. Wt. % methanol: (11 
zero, (2) 20.7, (3) 30.2, (4) 40.1, (5) 50.3, (6) 69.8, (7 ) 75.0, (8) 89.8, (9) 100.00. 

units). Curves for the chloride in 0 to 45 per cent methanol are shown in 
figure 6 . As may be seen from this figure, the maximum phenomenon 
becomes less pronounced as the methanol content is increased beyond 20 
per cent and finally disappears. For mixtures in the range 50 to 100 per cent, 
the curves resemble those of the oxalate. 

Results of a similar nature obtain in acetone-water mixtures. The 
oxalate shows the breakpoint phenomenon. The bromate and formate 
show the maximum effect just as they do in methanol-water mixtures, but 



Figure 6. _ 

wAi (1) zero, (2) 2-3,< 
slope. 


pltrimethylammonium chloride In water-methanol mixtures at 25*. Wt. % raetba- 
I) 4.7, (4f 10.1, (S) 12.9, (6) 17.7, (7) 22.1, (8) 30.1. Solid lines at left hive 0 Onsagtr 
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the height of the peaks is considerably greater (by a factor of two or three) 
in acetone-water mixtures, than in methanol-water mixtures. 

A fairly good correlation between the critical concentration in methanol- 
water mixtures on the one hand, and acetone-water mixtures on the other, 
and the solvent dielectric constant exists for octadecyltrimethylammonium 
oxalate. The two curves for critical concentration against 1/D nearly 
coincide; the relationship is approximately exponential. The good correla¬ 
tion between critical concentration and D in the case just mentioned may be 
fortuitous. In any event, it is certainly not general. In the case of dodecyl- 
ammonium chloride, as will be pointed out later, such a simple relationship 
clearly does not appertain. Measurements with higher type alcohol-water 
mixtures would be of interest in connection with the oxalate. 

At the present time, we have only a few measurements on octadecyl and 
hexadecylpyridonium iodate in alcohol-water mixtures. Both these salts 
show conductance maxima in pure water. The addition of 8 per cent 
tertiary butanol in the case of the hexadecylpyridonium salt increases the 
height of the maximum about tenfold and markedly changes the form of 
the conductance curve. In 16 per cent methanol, the octadecylpyridonium 
salt shows roughly the same conductance curve that it does in water. These 
curves are shown in figure 4. 

With dodecylammonium salts in methanol-water, isopropanol-water, and 
2-butanol-water mixtures, only the break-point phenomenon is found. Un¬ 
like the case of the octadecyltrimethylammonium compounds mentioned 
before, the addition of organic solvent does not always produce an increase 
in critical concentration. The present results may be summed up by saying 
that the higher (more C atoms) the alcohol, the more pronounced is the 
tendency to decrease the critical concentration (figure 7). It is clear that. 



Figure 7. Dodecylammonium chloride in water-alcohol mixtures at 25*. (1) Water, (2) 5.7% {-butanol, 
(3) 7.9% *-butanol, (4) 8.0% {-propanol, (5) 16.2% i-pr opened. 
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for dodecylammonium chloride in alcohol-water mixtures, the critical con¬ 
centration is not determined solely by solvent dielectric constant. It may be 
noted that the depression of the critical concentration is greatest at low 
alcohol content. 

In connection with the maximum effect, it may be noted also that, all 
other things being equal, the peak is greater the longer the chain (octadecyl- 
pyridonium iodate, 10 units vs. hexadecylpyridonium iodate, 1 unit in water); 
i.e,, the tendency to exhibit a maximum increases as the critical concentra¬ 
tion decreases as far as variation in chain length goes. On the other hand, 
the tendency to form a maximum varies with gegen ion in the opposite sense, 
that is, the ma ximum in methanol-water mixtures is generally greater the 
higher the critical concentration in water. 

A comparison of the octadecyltrimethylammonium salts in methanol- 
water mixtures shows that the tendency to form a maximum increases as the 
critical concentration in water increases, and, roughly, as the mobility of 
the gegen ion decreases, or (roughly) as the size of the gegen ion increases. 

In addition, for octadecyltrimethylammonium chloride, bromate and 
formate in methanol-water mixtures, and the bromate and formate in ace¬ 
tone-water mixtures, the rise point comes, in many cases, at a concentration 
less than the critical concentration in water. 

For the sake of completeness, it may be put down that the maximum 
always comes at the dilute end of the concentration axis. The rise point 
terminates the linear portion of the conductance curve. 

Addition of Other Compounds in Small Amount 

The addition of small amounts of dodecanol significantly alters the con¬ 
ductance of dodecylammonium chloride in 25 per cent methanol-water mix¬ 
ture. This is shown in figure 8. The methanol was added to the system 



(2) cSsSJwo®'o!«“ 24 ' 65% “ etW - MoUs dodec “° 1 P» “<*> "to <» *«*>• 
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to increase the solubility of dodecanol; in spite of this, the system was cloudy 
over the entire range of concentration at mole ratio of dodecanol to salt 0.65 
and was cloudy over part of the concentration range at mole ratio 0.25. 

Two features of the curves, at least, are noteworthy: (1) at concentrations 
less than critical the curves coincide; (2) the critical concentration decreases 
with increase in dodecanol content. The first point is in agreement with 
the proposition that long-chain electrolytes are completely dissociated at 
concentrations less than critical. It will be noted that the change in critical 
concentration on addition of dodecanol is of an entirely different order of 
magnitude than that which obtains on addition of alcohols of lower type 
(those containing one to four C atoms per molecule). In a sense, this result 
is consistent with the rule given above, that, the greater the number of C 
atoms in the alcohol, the greater the tendency to depress the critical con¬ 
centration. In one important respect, the case under discussion is much 
simpler than the cases given in the preceding section; the change in critical 
concentration is not accompanied by a large decrease in solvent dielectric 
constant. 

The curves appear to possess two break points. The curves, as drawn, 
overemphasize this feature perhaps, but there seems to be a pretty clear 
change in slope in several of the cases that approximates the magnitude of the 
change in slope that occurs on the straight-line portion of the curve. This 
feature deserves further study. 

The addition of common ion inorganic electrolytes, in general, depresses 
the critical concentration and suppresses the conductance maximum. In all 
cases tested, the conductance of a mixture, such as potassium chloride and 
octadecyltrimethylammonium chloride, is less than the sum of the con¬ 
ductances of the separate salts. 
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THE VISCOSITY OF MIXTURES OF POLYELEC¬ 
TROLYTES AND SIMPLE ELECTROLYTES* 


By Raymond M. Fuoss and Uleich P. Strauss! 

Sieving Chemistry Laboratory, Yale University, Xeu Haven, Connecticut 
Introduction 

Viscosity} has been a subject of active interest to polymer chemists ever 
since Staudinger 2 proposed that the intrinsic viscosity was a measure of 
molecular size. Many years before, Einstein 3 had shown that the specific 
viscosity of a suspension of spherical particles was proportional to their 
volume fraction, regardless of size. In contrast, Staudinger found that the 
same concentration of different polymers gave different specific viscosities, 
which increased with increasing molecular weight. Staudinger’s original 
hypothesis of direct proportionality between limiting reduced viscosity and 
molecular weight has subsequently been modified, but a one-to-one cor¬ 
respondence, in accordance with a linear log-log relationship, between the 
intrinsic viscosity and molecular weight for a homologous series of polymer 
fractions has been established by numerous investigations covering a wide 
variety of materials. 4 Debye 5 has recently given a simple theoretical 
derivation of Staudinger’s rule and has shown that the latter corresponds to 
an idealized model of the polymer chain. Real polymers can be shown 6 to 
deviate from the model in a way which can be correlated with the empirical 
function just mentioned. 

For a given polymer, the reduced viscosity is, at low concentrations, 
usually a linear function of the concentration 

WC = M + k'lvK (l) 

where k' equals approximately 0.38, apparently independent of the polymer. 
Debye 7 interprets the intrinsic viscosity as a measure of the volume which 
the polymer molecule occupies as a loosely coiled chain in solution. Some 
early observations of Staudinger and TrommsdorfF and by Kern 9 on the 
sodium salt of polyacrylic acid and some recent work of ours 10 on poly-4- 
vinyl-V-^-butylpyridonium bromide (P-ViBuPyBr), a polyelectrolyte of 
quite different structure, resulted in viscosity curves which were completely 
unlike that given by the function of equation 1. Instead of decreasing 
linearly to a limiting value with decreasing concentration, the reduced 
viscosity of the above polyelectrolytes increases, apparently without limit 

* This research was partially supported by Contract N 6 ori 44-T.0.4 with the Office of Naval Research 

+ Sterling Research Fellow, i&ie University, 1946-48. 

+ \Ve saall use, with one exception, the nomenclature, units, and symbols proposed by L. H. Cragg, 1 
according to w hich the specific \ iscosity 17 y is the ratio (n — i?o)/^o for a solution of concentration C grams of 
solute per 100 cc, of solution, whicn has a viscosity 17 in a sohent of viscosity 170 . The relative viscosity 
is the ratio 17 / 170 . The reduced viscosity is defined as 7 } p/C and the intrinsic viscosity [ 17 ] is the limit of itapfC 
as C approaches zero. We shall reserve the symbol c tor concentration expressed as equivalents per liter. 
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on a linear scale, with decreasing concentration, along a curve which is 
strongly concave upwards. Qualitatively, one might assume that dissocia¬ 
tion of the polyelectrolyte increases with dilution, and, due to inrr«>ging 
Coulomb repulsion between the increasing number of unpaired residual 
charges on the chain, the polyion coil expands and thus acquires a steadily 
larger reduced viscosity. This effect is undoubtedly present, but we do not 
believe that the whole story is quite so simple, because interionic forces both 
between polyions and polyions and between polyions and the accompanying 
counter ions must also be taken into account. 

The purpose of the research reported here was to obtain q uan titative 
data of reasonable precision on a representative polyionic system. The 
viscosities in water of an unfractionated sample of poly-4-vinyl-A r -?z-butyl- 
pyridonium bromide of average molecular weight 500,000 have been measured 
over the concentration range fromO.003 to 1.0 g./lOO cc. solution, at several 
rates of shear. Empirically, we can represent the data by an equation of the 
form 

rj.,/C = a/{ 1 + by/C) (2) 

(although we suspect the presence of an additive constant on the right, as 
will be brought out in the discussion). 

In order to enhance the interionic effects, we have also measured the vis¬ 
cosities of the polysalt in the presence of added simple electrolytes such as 
potassium bromide. Addition of excess simple electrolyte decreases the 
viscosity of the polyelectrolyte markedly, first producing a maximum in the 
viscosity-concentration curve, and eventually permitting extrapolation 
according to equation 1. The limiting values thus obtained depend on the 
ionic strength p of the simple electrolyte present in the solvent medium 
according to the empirical equation 

M - Ail + Bfyftf. (3) 

The constant a of equation 2 is the limiting value of the reduced viscosity at 
zero ionic strength* and is several orders of magnitude larger than the con¬ 
stant A of equation 3 which is the limit corresponding to infinite ionic 
strength, equations 2 and 3 are, of course, limiting forms of the same (as 
yet unknown) function. We are unable to suggest its form at present be¬ 
cause we do not know how to compute the contribution of the polyion to 
ionic strength. 


Apparatus and Materials 

Viscometers . Viscometers were constructed according to ’Bingham's 
design 11 and were operated at constant pressures, ranging from 30 to 200 

* More accurately, “at very low ionic strength,” i that of pure water, where [H + l «* (OH'3 - 10“’, 
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cm. of water. Corrections* for kinetic energy and drainage were made, 
based on calibration runs made with glycerol and sucrose solutions which 
presumably do not exhibit structural viscosity. The corrected pt (p = 
pressure, i = time of flow) values still depended on driving pressure. We 
ascribe this change to a structural viscosity which depends on rate of shear 
and shall discuss this point in a later section of this paper. 

Viscometer A was constructed of lead glass, with a capillary bore of 
0.0148 cm.; viscometer B (working volume, 4.045 cc.) was of pyrex with a 
capillary bore of 0.0189 cm. and length of 11.0 cm. For moderately con¬ 
centrated solutions, the two viscometers gave concordant results, as shown 
in table 1 , where reduced viscosities are given for two aqueous solutions of 

Table 1 

Comparison of Viscometers 


0 = 2000 sec" 1 . 0 - 3500 sec” 1 . 

C 'Viscometer-1__ 


! 

i p 

t 

y>p/C 

P 


Vip/C 

0.2321 1 

A 

87.90 

530.0 

4.98 1 

150.20 

304.0 

4.81 

0.2353 

B 

71.00 

255.0 

4.96 | 

| 121.90 

146.0 

4.80 


PViBuPyBr of nearly the same concentration at two velocity gradients. 
In a capillary viscometer, the velocity gradient varies with distance from the 
center; an average may, however, be calculated 18 by Kroepehn’s formula; 

0 = 8V/3 M*t (4) 

where V is the volume flowing through a capillary of radius r in t seconds. 
In table 1, pressures are given as g./cm. 2 , calculated from a measured water 
head. While it is obvious that the viscosity depends on 0, the velocity 
gradient, it will be noted that, at the same velocity gradient, the two viscom¬ 
eters agree despite the large differences in radius, driving pressure, and time 
of flow. In more dilute solutions, however, viscosities obtained with Vis¬ 
cometer A were found to change with time; at 0.06 g./lOO cc., for example, 
the viscosity decreased by about 5% in 18 hours. Since the pH of the 
solution in the viscometer rose during this time from 4.3 to 5.6, we assumed 
that alkali was leaching out of the glass. Our final results on dilute solutions 
were therefore all determined using Viscometer B , in which no change of 
viscosity with time was observed. 


Polyirinylpyridine. 360 cc. of C. P. toluene were boiled to expel air and 
cooled with a stream of nitrogen bubbling through. Then 40 cc. of freshly 
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distilled 4-vinylpyridine (B. P. 72° at 20 mm.) and 1.2 g. of benzoyl peroxide 
were added, and the mixture shaken in a water bath at 40° for 46 hours, 
during which time insoluble polymer formed. The solid was centrifuged 
out, washed twice with benzene, dried in vacuum, re-suspended in benzene 
and stirred for one hour, and, after centrifuging, was dried in a vacuum 
oven at 40° for 5 days. The yield was 7.9 g. or 20 per cent. 

The viscosity of the polymer was determined in 91.4 weight % alcohol at 
25°. The results are given in table 2 . The data satisfy equation 1, 


Table 2 

POLYVINYLPYIUDINE IN ETHANOL 


c 

Vtp 

^tp/C 

0.1306 

0.206 

1.58 

0.253 

0.422 

1.67 

0.388 

0.691 

1.78 


with [ 17 ] = 1.48 and k' — 0.3S. The specific volume 7 corresponding to this 
intrinsic viscosity is 59.2 cc./gm. Osmotic pressure measurements in 
ethanol gave a (number average) molecular weight of 207,000 (degree of 
polymerization, approximately 2,000); we are indebted to Dr. W. Albrink 
for these determinations. 

Poly-4-Vinyl-'N-n-Buiylpyridonium Bromide . 2.88 g. of the above parent 
polymer were dissolved in 57.3 g. of nitromethane, and 24.2 g. of w-butyl 
bromide were added. The mixture was heated at 55° for four days, after 
which the solvent and excess butyl bromide were evaporated at reduced 
pressure. The product was dissolved in ethanol and precipitated in dioxane. 
After drying under vacuum, bromine was determined by the Parr semi¬ 
micro-bomb method: found, 32.2, 31.9, 32.3%; average, 32.1%; calculated, 
33.0%. 


Experimental Results 

The viscosity data are given below in Tables 3-11, where C is concentra¬ 
tion of poly-salt in grams per hundred cc. of solution and added salt con¬ 
centrations are given in moles per liter. All data refer to 24.70°. In 
determining the viscosities of the mixed electrolytes, a salt solution of 
definite molality was prepared by weight from C. P. grade chemicals, and 
this solution was then used as solvent for the poly-salt which was added in 
various amounts. Volume concentrations (molarity) were computed from 
the known densities. In computing the specific viscosities of the systems 
in which salt solutions were used as solvents for the poly-salt, the definition 
of Footnote 1 was used, where 170 was, of course, the viscosity of the salt 
solution. 

At the higher added salt concentrations, the change of apparent viscosity 
with rate of shear was less than 0.5 per cent for a change of 1000 seer 1 ini?, 
















Table 3 

Viscosities of PViBuPyBr in Water 


v P /C 


C Vsp 


G* = 

2000 

3500 

5000 

i 2000 

3500 

5000) 

0 00289 

0.0635 

0.054a 

0.048 4 

22.0 

18.8 

16.7 

.00309 

.C67i 

.060 0 

.054 9 

21.7 

19.4 

17.8 

.00872 

. 152s 

, .136 9 

.126, 

17.5 

15.7 

14.5 

.00969 

.165g 

| .150. 

.139i 

17 1 

15.5 

14 4 

.0150 

.223s 

.202g 

.187 9 

14.9 2 

13.4 S 

12.5 2 

.0263 

.330 

.303 

.282 

12.5s 

11.5. 

10.7j 

.0564 

' .516 

.483 

.456 i 

9 15 

8.56 

8.08 

.0592 

, .531 

.500 

.470 

8.98 

8 45 

7.94 

.1103 

.762 

.723 

.687 

6.90 

6.55 

6.23 

.2321 

> 1.159 

| 1.116 

— 

4 98 

4.81 

— 

.2353 

1 168 

1.130 

1.096 

4.96 

4.80 

4.66 

.6936 

2.129 

| 2 103 

— 

3.07 

3 03 

— 

.9875 

1 2.593 

2.567 

i 

2.63 

2.60 

~ 


Table 4 

Viscosities of PViBuPyBr in Dilute Potassium Bromide Solutions 

risp/C 


03 = | 2000 | 3500 | 5000) 


KBr = 0.001082 M 


0.0281 

3.25 

3.12 

2.98 

.0533 

3.59 

3.46 

3.33 

.0787 

3.71 

3.60 

3.45 

.1225 . 

3 71 

3.63 

3.50 

.2264 

3.51 

3.44 

3.37 

.3231 I 

3.25 

3.20 

— 

.7873 | 

2.56 

I 2.53 

— 


KBr - 0.01029 M 


0.1141 

1.25 

■HHnRHHjl 


.1146 

1.27 



.2369 

1.35 



.3819 

1.38 



.5059 

1.41 



1.002 

1.44 


1 


Table 5 

Viscosities of PViBuPyBr in Potassium Bromide Solutions 


c 

ihv/C 

C 

Vap/C 

KBr * 0.0335 M 

KBr - 0.2438 if 

0.1445 

0.74. 

0.2845 

0.33. 

.4858 

.804 

.5784 


.8497 

.841 

.8994 

.354 

KBr « 0.1003 M 

KBr- 

1.086 if 

0.1488 

0.471 

0.348 

0.244 

.4810 

.485 

.710 

.254 

1.090 

.520 

1.028 

.259 


840 






































Table 6 


Viscosities of PViBuPyBr in Dilute Potassium Sulfate Solutions 

B==3Cs»aBHosaB8SKBseesBBMS3S8aaBaBBBnaaaBB>»BE^BaBBaBE«vBaaKsaKa 


c 

*lap/C 

03 - 

2000 

3500 

5000) 


K £ S0 4 * 0.0003042 M 


0.0169 

2.24 

2.14 1 

2.14 

.0313 

3.26 

3.11 , 

3.00 

.0473 

3.83 

3.66 

3.51 

.0687 

3.24 

3.14 

3.04 

.0787 

4.14 

3.97 

3.84 

.0951 

4.15 

3.98 

3.86 

.1363 

4.07 

3.93 

3.82 

.1576 

3.80 

3.68 

3.59 

.3160 

3.56 

3.49 1 

3.40 

.5940 

2.90 

2.86 ; 



K*SCU * 0.0003617 M 


0.0261 

2.52 

2.43 

2.32 

.0472 

3.33 

3.25 

3.16 

.0722 

3.87 

3.73 

i 3.62 

.1034 

3.83 

3.71 

3.58 

.1109 

3.83 

3.70 

3.59 

.1188 

3.86 

3.75 ! 

3.63 

.1704 

3.83 

3.72 

3.62 

.317 

3.43 

I 3.35 

3.28 

.555 

2.91 

1 2.87 

— 

.887 

2.50 

1 2.47 

— 


Table 7 

Viscosities of PViBuPyBr in Potassium Sulfate Solutions 


C 

"Hap/C 

C 

Vap/C 

KjSO* - 0.00303 M 

Z 2 SO 4 ~ 0.09093 M 

0.1314 

1.057 

0.1481 

0.500 

.2788 

1.282 

.4102 

.524 

.4586 

1.449 

.8798 

.555 

.6073 

1.509 



1 171 

1.567 




! K,S0 4 * 0.3532 M 

KaSO* - 0.02895 U 





0.3572 

0.485 

0.2026 

0.576 

.6847 

.497 

.4147 

.598 

1.067 

.512 

.7064 

.630 




Table 8 

Viscosities of PViBuPyBr in 0.0002707 M Magnesium Sulfate Solution 


WC 


(0 - 

2,000 

3,500 

5,000) 

0.0114 

1.82 

_ 

1.71 

.0270 

3.23 

3.08 

2.95 

.0443 

3.81 

3.65 

3.55 

.0671 

4.21 

4.05 

3.90 

.0968 

4.30 

4.15 

4.00 

.1290 

4.25 

4.13 

4.01 

.1721 

4.09 

3.96 

3.84 

.2637 

3.75 

3.65 

3.57 

.4695 

3.19 

3.13 

3.08 

.8996 

2.53 

2.50 
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Table 9 


Viscosities of PViBuPyBr in Magnesium Sulfate Solutions 


C Vsp/ C 

C 

Vap/C 

MgSOi = 0.001779 M 

MgS0 4 * 0.02687 M 

0.0442 

.0990 

.1916 

.3054 

.4703 

.8005 

1.13 

1.372 

1.62o 

1.80 9 

1.879 

1.857 

■9 

0.619 

.647 

.693 

MgS0 4 = 0.08129 M 

0.1998 

.4917 

.8070 

.542 

.565 

.587 

MgSOi = 0.008438 M 

0.1707 

.3627 

.6525 

0.787 

.873 

.961 

MgS0 4 = 0.2035 M 

0.3443 

.7464 

1.080 

0.521 

.546 

.560 


Table 10 


Viscosities of PViBuPyBr in Magnesium Bromide Solutions 


C 

VspfC 

C 

Vap/C 

MgBrj = 0.004072 M 

MgBr 2 = 0.05251 M 

0.0418 

1.33 

0.1576 

0.44a 

.0801 

1.40 

.2590 

.462 

.1445 

1.44 

.4126 

.469 

MgBrj = 0.01729 M 

MgBra =* 

0.1847 M 

0.0951 

0.73i 

■ I 

0.29 4 

.2343 

.74* 

.4537 

.303 

.4014 

.77o 

.6882 

.311 


Table 11 


Viscosities of PViBuPyBr in 91.4 Wt. % Ethanol 


C 

VapJC 

0.0636 

2.31l 

.1158 

1.80 a 

.301 

1.27s 

.474 

1.096 

.782 

0.925 


and here data for only one driving pressure are given (although others were 
measured). The notations 2,000,3,500 and 5,000 at the heads of the various 
columns refer to p = 2,000 sec."" 1 , etc.; in some cases, these values were 
interpolated from plots of tj»p versus ft and in others were determined by 
pre-setting the pressure to give the above round values of The latter 
method was very convenient: A run at an arbitrary pressure was made, and 
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then, from the resulting pt product, the pressure required to give the flow 
time which corresponded to the desired value of j3 (cf. equation 3) was 
calculated. For Viscometer A, p = 1.06 X 10®// and for Viscometer B , 
p = 0.509 X 10 6 /lj for p = 2,000, 3,500 and 5,000, the flow times were 530, 
303, and 212 sec. for A and 255, 146 and 102 sec. for B . Corrections for 
small deviations were naturally made. 

Discussion 

The electrolytes which we are considering have similarities and differences 
when considered with respect to ordinary electrolytes, ordinary polymers, 
and colloidal electrolytes such as proteins and soap micelles. We may, 
therefore, expect some parallels in properties as well as some differences. 
Like the colloidal electrolytes of natural origin, these synthetic electrolytes 
have high molecular weights and high charges; unlike them, however, the 
linear polyelectrolytes have a readily deformable, very mobile, structure. 
The configuration of the polyelectrolyte in solution will be sensitive to con¬ 
centration because the net charge on a polyion will change as ionic associa¬ 
tion changes with concentration. Then, since the segments of the chain 
are free to move with respect to each other, the polymer coil should expand 
as the solution is diluted and increasing intramolecular Coulomb repulsion 
makes itself felt. 

A linear polyelectrolyte can thus accommodate itself to a changing electri¬ 
cal environment by changing its shape, and the potential distribution will 
change accordingly. It seems likely, therefore, that the concept of elec- 
trokinetic potential, which has proven to be so useful in the case of particles 
whose size and shape remain fixed, will be less valuable in treating the proper¬ 
ties of these electrolytes than the admittedly more difficult detailed 
treatment of charge distribution within as well as around the polycation. 
At large distances from a coiled polyion, it may well act as a uniformly 
charged particle, but local interaction cannot be described in terms of a 
double layer, because the coil presents no fixed surface around which a layer 
can form. The polyion may perhaps best be compared in its behavior to a 
charged droplet of concentrated solution with a rather diffuse boundary. 
In ordinary electrolytes, the charge distribution is nearly uniform in the 
sense that a microscopic test element of volume will contain, on an average, 
the same number of positive and negative ions and this number will equal 
the gross macroscopic concentration. In the chain polyelectrolyte, however, 
positive ions are constrained to remain near each other by the valence bonds 
between the atoms, and a microscopic test element will encounter wide 
fluctuations in charge density; between the positive polyions, it will contain 
only negative counter ions, while in the vicinity of the polyion it will contain 
both positive and negative ions, both in amounts larger than the macroscopic 
average density. As Flory 14 first pointed out in his treatment of the 
thermodynamic properties of chain polymers, a uniform distribution of 
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solute, from a molecular point of view, is inherently impossible, especially at 
low concentrations. 

Some of these configuration changes may be deduced qualitatively from 
curve 1 of figure 1 and the data shown in figure 2. The first curve gives 




2. dependence of viscosity on rate of shear. Upper curve, dilute range in water, abscissae 
magnified ten times. Middle curve, whole range in water; solid circles, viscometer A , open circles, viscome¬ 
ter B- Lower curve, whole range in salt solutions; dashes up, 0 001082 N potassium bromide: dashes left, 
0.0003617 M potassium suUatejSihesright,0.0002707 U magnesium sulfate. * ’ 
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the reduced viscosity of the polybromide as a function of concentration in 
the very dilute region (up to 0.1 g. poly-salt per 100 cc. of solution). Ordi¬ 
nary uncharged polymers would show very little change of viscosity with 
concentration here; we recall the linear form of equation 1 and the magni¬ 
tude of the two terms: for an intrinsic viscosity of 8, rj op /C would decrease 
by only about 0.5% on going from 0.1 g./lOO cc. to zero, while here the 
reduced viscosity increases by a factor of three in the range from 0.10 to 
0.003, the lowest concentration measured. There is no tendency visible of 
an approach to a finite limiting value on this scale. Furthermore, the 
reduced viscosity is an order of magnitude larger than that of the parent 
polymer, for which [ij] was found to be 1.48. If we assume that the reduced 
viscosity is a measure of the average volume occupied by the polymer 
molecule, then we must immediately conclude that the polyelectrolyte has a 
much more diffuse structure than that of the parent polymer, and, further, 
that it becomes more open as concentration is reduced. Coulomb repulsion 
between unpaired* positive charges can account for the increase in the size 
of the coil over that corresponding to the neutral polymer from which it was 
made. With increasing dilution, negative ions have increasingly greater 
probabilities of escape from the polyion, and the resulting increased repulsion 
between newly uncompensated pyridonium groups would lead to a further 
increase in size. The limit beyond which the particle cannot increase would, 
of course, be the completely extended chain, which would correspond to the 
hypothetical limit of infinite dilution where the polyion would have no 
associated counter ions at short distances from its positive charges. 

As shown in figure 2, the observed viscosities depend on rate of shear . 
Our measurements covered the approximate range 2,000 < 0 < 5,000 sec.”* 1 . 
The ordinate is the average chord slope of specific viscosity-velocity gradient 
plots; these showed a slight curvature in the above range of variables, but 
for qualitative discussion the chord slope is useful. The units are such that 
the ordinate gives the per cent change in specific viscosity for a change of 
1,000 sec.”* 1 in 0. The top curve is for the very dilute range and the middle 
curve for the whole range of concentration covered. It will be noted that the 
dependence of viscosity on shear for the polyelectrolyte in water is rather 
large and increases with dilution. Since non-Newtonian flow can be pro¬ 
duced by asymmetrical particles, we may interpret the curves as meaning 
that asphericity increases with dilution, in agreement with our argument 
that the chain uncoils as local charge compensation in the chain is diminished 
on dilution. 

Added simple electrolyte considerably reduces the dependence of viscosity 
on rate of shear. The lower curve of figure 2 shows the effects of three 
different salts at the same ionic strength (0.001082 molar potassium chloride, 
0.0003617 molar potassium sulfate, and 0.0002707 molar magnesium sulfate). 

* We are using “ion-pairs" in the sense of the generalized definition whereby to every positive ion in 
a solution a negative ion at some distance r may be assigned. Depending on the magnitude of the variables, 
this distance mav be of the order of molecular dimensions or much larger. (C/. R. Fuoss, Trans, Faraday 
Soc. 30: 967, 1934.) 
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In these experiments, the named electrolytic solutions were used instead of 
water as the solvent for the polyelectrolyte; i.e., the concentration of simple 
electrolyte remained fixed, while that of the polyelectrolyte was varied. 
For comparison of concentration scales, we mention that lg./lOO cc. of 
polysalt gives a solution whose stoichiometric bromide ion concentration is 
0.04 normal. At the low concentration end of the curve, where simple 
electrolyte is in excess, the anomalous viscosity effect is very much reduced; 
at higher polymer concentrations, the effect of added salt becomes invisible. 
It is to be noted that the same ionic strength of different salts has about the 
same effect. Our interpretation is that the added simple salt furnishes an 
excess of gegeti -ions and relatively fewer positive ions inside the chain are 
uncompensated with increasing added electrolyte; hence, the coil opens up 
less than in pure solvent, and the shear dependence decreases. (As will be 
seen shortly, the same conclusion regarding configuration can be drawn 
from the viscosity-concentration curves.) As the concentration of simple 
salt is increased, the flow dependence decreases; at 0.01 N potassium bro¬ 
mide, the effect is still visible, as can be seen by reference to table 4, but 
at higher concentrations the change with shear was within the experimental 
error. 

We now consider the effect of added salt on the viscosity itself. Curve 2 
of figure 1 gives the viscosity of the polybromide over the experimental 
range of concentration. It is concave-up over its entire course. Curve 3 
shows the effect of the addition of 0.001082 N potassium bromide. The 
sharp climb at low concentrations is eliminated, and now a maximum ap¬ 
pears in the curve. Curve 4 shows the effect of using 0.0335 N potassium 
bromide; here, the curve resembles that of an ordinary uncharged polymer, 
in that the curve is linear, with a small positive slope. The transition is 
shown more clearly in figure 3, where the axis of ordinates has been magni- 



srs&sz&x&z of con “ Qtrati<m30 -° 1029 * v 

fied ten times. S imilar results were obtained with potassium sulfate? 
magnesium sulfate, and magnesium bromide solutions as solvents. At low 
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concentrations of added electrolyte, the viscosity showed a maximum at the 
range of concentration where polyelectrolyte and added electrolyte were of 
the same order of magnitude of equivalent concentrations; with excess added 
electrolyte, the curvature disappeared and the curves became linear with a 
small positive slope. After the curves have become linear, the net effect of 
further addition of electrolyte is to depress the whole viscosity curve. These 
linear plots were extrapolated to zero polyelectrolyte concentration in order 
to obtain the figures of table 12, where the limiting values are paired with 


Table 12 


Limiting Reduced Viscosities in the Presence of Added Electrolyte 


KBr 

j MgBr 2 

K2SO4 

MgSO* 


M 


M 


M 1 

A* 

M 

0.01029 

0.0335 

0.1003 

0.2438 

1.086 

(1.16) 

0.732 

0.459 

0.319 

0.239 

0.01222 

0.0519 

0.1575 

0.5541 

(1.25) 

0.713 

0.433 

0.288 

0 00909 
0.08685 
0.2728 
1.060 

(0.75) 

0.554 

0.491 

0.472 

0.00712 1 
0.03375 l 
0.1075 

1 0.3252 
0.8140 

(0.86) 

0.704 

0.590 

0.528 

0.504 


the concentration of simple salt (given as ionic strength) in the correspond¬ 
ing solvent. The values in parentheses in table 12 represent free-hand 
extrapolations of non-linear curves such as the top one of eigtjre 3. These 
limits represent the intrinsic viscosity of the polyelectrolyte in an electrolytic 
environment , it should be emphasized that they are, therefore, independent 
of polyelectrolyte concentration. They represent, thus, the most con¬ 
venient figures on which to base a discussion of the effect of added electrolyte. 

The first and most obvious property of the intrinsic viscosities is that they 
decrease with increasing concentration of added electrolyte. There is more 
involved, apparently, than a mere elimination of Coulomb repulsion by 
associative pairing off of charges in the polymer chain, because the intrinsic 
viscosities obtained by extrapolation in the presence of excess simple electro¬ 
lyte are significantly less than that of the parent polymer. (If intramolecu¬ 
lar repulsion were simply neutralized, the intrinsic viscosities should con¬ 
verge to about that of the parent polymer.) Internal attraction between 
ions of opposite charges within the polymer coil must be acting to produce 
the decrease in the size of the hydrodynamic unit, much like attraction 
between ions in a crystal acts to produce a structure of high density. We 
might make a very rough analogy to a small crystal of sodium chloride in 
which a fraction of the charges of the anions had been annihilated: there 
would still be ample potential energy to hold the unit together. 

No theoretical basis is yet available for treatment of these data, aside 
from a feeling that the square root of ionic strength should be the controlling 
variable. A plot of the intercepts of table 12 against reciprocal root of 
ionic strength shows some structure, so that the functional dependence is 
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more complicated than [ 77 ] ~ yr l12 . At rather low concentrations of added 
salt, at least two properties of the polymer coil are changing with added ion 
concentration, namely, the average size of the coil itself and the mean range 
of its electrostatic interaction with the external electrolyte. It is possible 
that, with increasing concentration of external electrolyte, the first effect 
may reach a limit before infinite external ionic strength is reached, in that 
the polymer coil will reach its limit of compression or curling up at finite 
ionic strength. If this situation should obtain, the polyelectrolyte would 
begin to resemble, in its behavior, a rigid polyelectrolyte such as a protein 
molecule. 

Oster 15 has suggested that part of the ionic atmosphere of a colloidal ion 
is carried along with the latter, so that the equivalent hydrodynamic sphere 
has a radius equal to a constant plus (1 /k) where k is the Debye-Htickel 
reciprocal radius. Some screening certainly is present; just where to cut 
off the enhanced radius of the sphere is debatable. If we assume that the 
intrinsic viscosities of table 12 are a measure of the volumes of the moving 
particles, and further assume that their radius is equal to R , their own 
radius, plus B/k, a constant times the atmosphere radius reckoned on the 
external ion concentration, we would have 

[ V ] = A(R+B/ K y (5) 

whence a plot of the cube root of intrinsic viscosity against reciprocal 
square root of ionic strength should be linear. A test of these assumptions 
is shown in figure 4 for the data on potassium and magnesium bromides 
and sulfates. Above an ionic strength of about 0.04, the curves are indeed 
linear, and furthermore 0.04 is the ionic strength above which the tj sP /C — C 
curves of .figure 3 became linear. 



. f* 0 ®** 4 . Bependenm of extrapolated intrinsic viscosities on ionic strength of solvent. Left-shaded 
carries, magnesium bromide; open circles, potassium bromide; solid circles, magnesium sulfate; right-shaded 
circles, potassium sulfate. 


Whether equation 5 has real physical meaning is problematical at the 
moment, but the intercepts corresponding to infinite ionic strength probably 
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do. (It should be mentioned that the intercept at /z = co is not very sensi¬ 
tive to the negative exponent of n chosen.) Both bromides extrapolate to 
= 0.556, giving fo]* = 0.171, which is to be compared with the value 
of 1.48 for the parent polymer. Obviously, the polyelectrolyte in the 
presence of an excess of added simple electrolyte is a much more compact 
structure than the neutral polyvinylpyridine from which it was prepared. 
It is significant too that the two sulfates extrapolate to a common value 
h]oo “ 0.45) and that this is about three times as large as the same limit 
for the bromides. Since the limit refers to a large excess of sulfate ions, all 
bromide ions inside the original polybromide coil must have been replaced 
by sulfate ions. Electropolar crossbonding 16 by local interaction of sulfate 
ions with pyridonium groups pairwise could result in tangled structures 
which could not achieve the degree of compactness possible when the anion 
is only monovalent. It will be interesting to study the effects of other ions 
on these intercepts, and to attempt to evaluate them geometrically. 

It may be dangerous to base a generalization on only two cations (potas¬ 
sium and magnesium), but it does seem reasonable to expect that the inter¬ 
cepts will be independent of the added cation and will depend only on the 
added counter ion. It should also be mentioned that the polybromide is 
precipitated by potassium ferro- and ferricyanide solutions. 

The limiting slopes of the curves of figure 4 should, according to equa¬ 
tion 5, be a measure of the size of the compacted polyelectrolyte. For the 
bromide, we obtain R = 24 A.U. if B is set equal to unity, as compared with 
110 A.U. calculated from the intrinsic viscosity. To get agreement, B 
would have to be larger than four, which seems unreasonable; one would 
expect B values less than unity. While the assumptions, thus, obviously 
represent an over-simplification of the physical picture, we feel that the 
empirical form of equation 5 may be useful in guiding theoretical work and 
that the limiting intercepts for infinite ionic strength will serve as a basis 
for comparing the properties of different polyelectrolytes. 

We finally turn to a consideration of the viscosity function of the poly¬ 
electrolyte in pure solvent . Some earlier work 10 in water, alcohol, and water- 
alcohol mixtures suggested that the function was of the form 

vJVC - A' + B'Vc (6) 

but when the more dilute range was investigated in water, the y tp / V C — s/C 
plots showed a curvature which became more pronounced the greater the 
dilution. A study of the data of table 3 showed that they conformed to 
the empirical equation 

rjJC = a/(: 1 + bVc) (2) 

as is shown by the test plot of figure 5, where C/rj 8P is plotted against the 
square root of polyelectrolyte concentration. 

^ Obviously, we cannot have the function of equation 6 representing data 
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Figuse 5. Test of equation 2 for poly-salt in water at 0 - 2,000. 

in alcohol and that of equation 2 for data in water; both must be variants 
of the same function, with a parameter depending on dielectric constant 
causing the apparent shift. We are, therefore, led to propose the function 

V*p/C = 7 + a/(l + &VC) (7) 

as a more general formula. When £\/C » 1 , equation 7 reduces to 

Vsp/C = 7 + a/by/C 

which becomes equation 6 on multiplying by the square root of concen¬ 
tration. When, on the other hand, y <<C 07 8 p /C, equation 7 reduces to 
equation 2 , the function of figure 5 . 

Some experiments in nitromethane 17 confirm the above conclusion. This 
solvent has a dielectric constant of 40, intermediate between that of water 
and ethanol. Here, neither equation 2 nor equation 6 fit the data, but 
the three-constant equation, equation 7, gives linear test plots when 
V (v*?/C — 7 ) is plotted against \/C and the function reproduces the data 
within the limit of experimental error. A more general formula naturally 
calls for a linear term to be added to equation 7, but we lack the data to 
substantiate the argument at the present time. Further work is in progress. 

Summary 

By addition of butyl bromide to polyvinylpyridine, a synthetic salt of 
high molecular weight (500,000) was obtained. Viscosities of this salt in 
water and in solutions of potassium and magnesium bromides and sulfates 
were measured at several rates of shear. Concentrations of polyelectrolyte 
covered the range from 0.003 to 1 g./lOO cc. solution. In water, the specific 
viscosity increases sharply with dilution. Expansion of the polymeric coil 
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due to intramolecular Coulomb repulsion is suggested as the explanation 
for the rise in viscosity on dilution. In the presence of simple electrolytes, 
the increase is suppressed and linear viscosity curves of the conventional 
type appear. Their intercepts correspond to intrinsic viscosities which are 
much smaller than that of the uncharged parent polymer. For polyelec¬ 
trolytes in the absence of other electrolytes, the empirical equation 

r) sp /C = 7 + g/(1 + by/C) 
represents the data so far obtained. 
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HISTORICAL ASPECTS 


By P. G. Stansly 

Chemotherapy Division , Stamford Research Laboratories , American Cyanamid Company , 

Stamford , Connecticut 

In highly active fields of research, it is, perhaps, not a rare occurrence 
for widely scattered groups of workers to be on the same trail of investiga¬ 
tion unknown to each other. To examples of such incidents already known 
may be added that of the antibiotics of Bacillus polymyxa . In this in¬ 
stance, three laboratories independently and practically simultaneously 
reported on a new antibiotic substance or group of substances of unusual 
interest. 

A paper entitled ‘‘Antibiotic Activity of Bacillus polymyxa” by R. G. 
Benedict and A. F. Langlykke of the Northern Regional Research Labora¬ 
tories, was read before the annual meeting of the Society of American Bac¬ 
teriologists on May 16, 1947. An abstract of this paper appeared in the 
July 1947 issue of the Journal of Bacteriology} These authors noted the 
antibacterial activity of colonies or streaks of Bacillus polymyxa on agar 
plates and established that the active material was water-soluble and was 
readily produced free from the bacterial cells. A medium was described for 
obtaining culture filtrates active at a dilution of 1:1000 against Brucella 
bronchiseptica, and it was indicated that experiments were in progress to 
produce the substance on a large scale to determine its physical and chemical 
properties. 

In July, 1947, there appeared in the Bulletin of the Johns Hopkins Hospi¬ 
tal 2 a paper entitled “Polymyxin: A New Chemotherapeutic Agent” by 
P. G. Stansly, R. G. Shepherd, and H. J. White of the Stamford Research 
Laboratories of the American Cyanamid Company. This report was sub¬ 
mitted for publication on May 10, 1947, and summarized investigations, 
begun in the summer of 1944, on a biologically inhomogeneous but highly 
purified antibiotic substance obtained from a soil isolate identified as 
Bacillus polymyxa , to which the authors gave the name “polymyxin.” The 
production, isolation, and purification of the active principle was described 
and a microbiological assay method outlined. The physical, chemical, and, 
especially, the biological properties of purified material were discussed in 
some detail. Biologically, the antibiotic substance was characterized by 
its unique specificity for gram-negative bacteria and by the difficulty in 
obtaining resistant mutants from sensitive strains of bacteria. The ma¬ 
terial was shown to be a highly effective chemotherapeutic agent in several 
experimental infections produced by gram-negative bacteria in mice, and 
to have a favorable, acute, lethal to therapeutic dose. This paper was soon 
followed by others from the same laboratory in which the various aspects 
of the work on polymyxin were taken up at length. 8-6 

On August 23, 1947, there appeared in Nature a brief communication 
entitled “Aerosporin, An Antibiotic Produced by Bacillus aerosporus 
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Greer'’ by G. C. Ainsworth, A. M. Brown, and G. Brownlee of the Wellcome 
Physiological Research Laboratories in England. 7 This work originated 
in February, 1946, and was submitted for publication on May 19, 1947. It 
was immediately apparent that aerosporin and polymyxin were either 
identical or closely related substances. Xot only were the antibiotic- 
producing organisms similar (B. a er os poms is not a well known term and is 
considered by Bergey to be a minor synonym of Bacillus polymyxa*) , but the 
indicated properties of the antibiotic were strikingly similar to those of 
polymyxin—notably in its selective action against gram-negative bacteria 
and the failure to obtain resistant strains from sensitive species. A later 
paper 9 from the Wellcome Laboratories reported on the chemotherapeutic 
and pharmacological properties of aerosporin. 

It seemed desirable to resolve promptly the question of the relationship 
of polymyxin and aerosporin. Arrangements were made, therefore, for the 
group at the Stamford Laboratories to exchange material with the Wellcome 
Laboratories in order that detailed chemical and biological studies, com¬ 
paring the substances designated polymyxin and aerosporin, could be made 
on both sides of the Atlantic. The results of these investigations, among 
other things, are presented in certain of the papers which follow. 

As will become evident, the main active components of polymyxin and 
aerosporin are not identical. They are, however, closely related chemically 
and practically indistinguishable biologically. Other active substances 
from B. polymyxa exist which appear to differ from the main constituents of 
polymyxin and aerosporin only in detail. 10 • 11 A common pattern of chemi¬ 
cal constitution may, therefore, be anticipated in this group of antibiotics. 
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ISOLATION AND PRODUCTION OF POLYMYXIN* 

By J. N. Porter, R. Broschard, G. Krupka, 

P. Little, and J. S. Zellat 

Lederle Laboratories Division , American Cyanamid Company , Pearl River, X. Y. 


Isolation of Bacillus polymyxa 

In the course of routine examination of soil samples for the presence of 
antibiotic-producing organisms, a number of strains of the Bacillus polymyxa 
type were isolated. The possibility that some of these are Bacillus macerans 
cannot be entirely excluded, because differential tests were run on only a 
limited number of the isolates. However, all of them had been selected 
because they had produced zones of inhibition in plates seeded with Myco¬ 
bacterium tuberculosis & 607; had inhibited other organisms on non-seeded 
plates; or, in the case of three, had been contaminants in actinomycete 
cultures. 

Bacillus polymyxa is a species which is relatively common in soils and 
other habitats. We have isolated 65 examples from soils of 22 states and 
believe that they represent a variety of physiologically differing strains. 
Apparently they differ in their ability to produce antibiotics on various 
media, amount of gas produced, mucin in pure culture, and in other ways. 
The isolate with which we have had the most experience is one which was 
designated B-71 by Dr. B. M. Duggar, who obtained it from a sample of 
Colorado soil. In vivo tests with many of the other isolates tended to show 
that none were better producers of polymyxin and several were distinctly 
inferior. 

In Vitro Tests . We have utilized a bacterial spectrum of 15 representative 
pathogenic and non-pathogenic bacteria in testing broth filtrates of all 
newly isolated antibiotic-producing organisms. The agar streak-plate 
method of Waksman, 1 in which 1 cc. of the liquid to be tested is mixed with 
9 cc. of agar and the solidified surface streaked with test organisms, was 
employed in each case. The results were in agreement with those reported 
by Stansly el al? for polymyxin, and by Brownlee and Bushby 3 for aero- 
porin, including the unique failure to inhibit Serratia marcescens and Proteus 
vulgaris. Fifty-six of the 64 isolates of B. polymyxa inhibited from one to 
ten of the test organisms included in the spectrum. Crude broths (as 
distinct from purified material) show a broader range of activity and, as 
did Stansly, we assume a second active material to be produced initially 
in small amounts. 

Based on the ability of liquid filtrates to protect chicks against fowl 
cholera (caused by Pasteurella multocida ), 18 of the earlier isolates of B. 
polymyxa were selected for comprehensive in vivo and in vitro resting to 
determine the more active. Roux bottles, shaker flasks, aerated 20-liter 

* The authors wish to acknowledge the assistance of Dr. L. M. Pruess, who carried out the tank fer¬ 
mentations, and of Mr. A. C. Dornbush, who performed the assays. 
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bottles, and 50-gallon aerated tanks were employed. All media consisted 
of 3 per cent com steep liquor and from 1 to 3 per cent dextrose. 1 per 
cent dextrose was added aseptically after sterilization to the Roux bottles 
and shaker flasks. Three per cent dextrose was added before sterilization 
to the aerated bottles and 50-gallon tanks. The pH before sterilization in 
all cases was approximately 7.2. Streak-plate dilution assays, utilizing 
Escherichia coli A.T.C.C. 9637, Shigella gaUinarum and PasteureUa multocida , 
were run on the broths. Fairly consistent differences in antibiotic activity 
were observed among the 18 isolates, and, in the majority of cases, the 
aerated tanks gave somewhat higher levels of potency. 


Table 1 

Summary of Tests with Fowl Cholera 
(2 cc. crude broth per injection) 


Designation of isolate 

Total No. of chicks 
tested 

No. of survivals 

Per cent saved 

i - 

B-55 

178 

12 

1 7 

B-71 

176 

25 

[ 14 

C-l 

148 

31 

21 

C-2 

147 

29 

20 

C-3 , 

250 

57 | 

23 

P-66 

104 

2 

2 

P-67 1 

121 

19 ! 

16 

P-69 I 

224 

31 

14 

P-176 

247 

45 

18 

P-203 

284 

52 

18 

P-205 1 

230 

28 

12 

P-210 

309 

37 

12 

P-211 , 

226 

21 

9 

P-212 

135 

17 

13 

P-219 

219 | 

44 

18 

P-231 

185 

38 | 

21 

P-234 

105 1 

17 J 

16 

P-244 

107 1 

20 | 

19 

Controls 

345 

3 , 

0.87 


In Vivo Tests 

Fowl Cholera ( Pasteurella multocida ). Screening of isolates was 
performed against Pasteurella multocida in chicks (because all controls die 
within two days), thus facilitating a larger number of tests with the physical 
facilities at hand. Two cc. of filtrate produced by one of the methods of 
fermentation listed above were injected into the peritoneum of a 3-day old 
chick. This was done i hour after the injection of 0.5 cc. of a 10-3 dilution 
of a 6-hour broth culture of the pathogen. The tests were maintained for 
approximately 10 days after all controls were out, but the time varied oc¬ 
casionally, depending on whether the cages were needed for other tests. 

Table 1 shows a summary of the results obtained with the 18 strains pro¬ 
ducing enough polymyxin to protect one or more of the chicks tested. 
Fourteen other strains did not protect on the initial tests. The remaining 
32 isolates were not tested in this way. Of the 18 isolates affording some 
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protection 3 saved only from 2 to 9 per cent of the birds, while the remainder 
gave an average of about 18 per cent protection. The results agreed fairly 
closely with streak-plate assays on the same materials. 

Grand tcrtals of the results obtained with these 18 isolates with respect 
to the type of fermentation are given in table 2. Again, the results agree 
with the streak-plate assays in that the tank fermentations yielded the 
highest results. 

Ten cultures of B. polymyxa were obtained from the University of Wis¬ 
consin and were tested against fowl cholera in the manner ou tlin ed above. 

Table 2 

Summary of Results with Four Types of Fermentation 


Type of fermentation 

Total No. of 
chicks tested 

No of 
survivals 

Per cent saved 

Roux bottles 

1227 

1 

202 

16.5 

Shaker flasks 

729 

I 

88 

12.0 

Aerated bottles 

606 

i 

83 

13.6 

50 gal. tanks 

826 

1 

163 

| 19 7 


Clucks inoculated with Pasteurclla mvltoctda 


Table 3 

Summary of 10 Wisconsin Strains of B. polymyxa Tested Against Fowl Cholera 
(2 cc. crude broth per injection) 


Wisconsin strain 


WC-6 

WC-7 

WC-8 

W-9 

W-12 

W-19 

W-57 

W-362 

W-419 

W-510 

Controls 


No. of chicks tested 


50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

30 


No. of survivals 


0 

1 

0 

7 

1 

6 

11 

2 

5 

4 

0 


Per cent saved 


0 

2 

0 

14 

2 

12 

22 

4 

10 

8 

0 


The WC series (table 3) yielded very little antibiotic, while the remaining 7 
strains protected from 2 to 22 per cent of the chicks tested. Most of these 
seemed to be inferior to the strains already at hand. 

In addition to testing crude broths, titration experiments were run with 
purified material derived from the B-71 strain. This was a dried eluate 
obtained by the streptomycin isolation procedure and assayed 800 units/mg. 
by the streak-plate method of assay, using E. coli as the test organism. As 
shown in table 4, the number of survivals ranges from 30 per cent with 
0.06 mg. (50 units) to 75 per cent with 2 mg. (1600 units). We did not go 
above 2 mg. per chick. 

Fowl Typhoid (Shigella gaUinarum). The procedure in testing against 
fowl typhoid was varied somewhat from that given above. One cc. of a 
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10-3 dilution of 6-hour broth was administered almost simultaneously with 
1 cc. of antibiotic by way of the peritoneum. Controls averaged between 
50 and 100 hours for time of death and surviving birds were retained for 
three weeks. Substitution of 4 of the Wisconsin strains was made for the 


Table 4 



Fowl Cholera Tests with Plrieied Polymyxin 

Amount injected 

Total Xo of chicks ,, 

tested No 

of survivals ^ 

Per cent saved 

2 mg 

50 

36 

72 

1 

50 

31 

62 

0 5 “ 

80 

51 

64 

0 25 “ 

70 

35 

50 

0 12 “ 

00 

20 

33 

0 06 “ 

20 

6 

30 

Mutenal used \ uB- 

"1 dr ed eluate a^aung 800 E coh streal nlate units mg 

Chicks w ere 3 daj b old 

wien injected and averaged 50 gm m weight 



Table 5 




Summary oi Tests with Fowl Typhoid 



<2 cc crude broth per injection' 


Designation oi 
isolate 

Total Xo oi chicks 
tested 

of survivals j 

Per cent saved 

P-67 

167 

10 

6 

P-69 

172 j 

4 

2 

P-176 

190 1 

5 

2 5 

P-203 

194 

4 

2 

P-205 

185 

4 1 

2 

P-210 

184 

9 1 

5 

P-211 

185 

12 

6 5 

P-212 

175 

12 

7 

P-219 

159 

4 

2.5 

P-231 

104 

3 

? 

P-234 

180 

23 

13 

P-244 

171 

7 | 

4 

C-l 

187 

16 

8.5 

C-2 

203 

15 

7 5 

C-3 

200 

24 

12 

B-71 

173 

25 

14 5 

W-9 

46 

1 , 

2 

W-19 

86 

2 1 

2 

W-57 

68 

2 

3 

W-419 

68 

3 

4 

Controls 

154 

0 

0 


two least active of the original 18 selected isolates. Survivals ranged from 
2 to 14.5 per cent of the birds tested (t \ble 5). 

Human Typhoid (Eberthella typhosa). None of the other isolates was 
deemed superior to the B-71 strain originally selected for chemical isolation 
purposes. Experiments were run against E. typhosa in mice utilizing B-71 
dried eluate assaying 800 E. coli streak-plate units/mg. Table 6 shows 
the results of a typical experiment in which complete protection was ob- 
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obtained at the 0.5 mg. (400 units) level. The culture dose was 0.5 cc. of 
a 10-1 dilution of a 6-hour broth culture injected into the peritoneum. 
Treatment consisted of a single 0.5 cc. dose injected by way of the peri¬ 
toneum immediately following injection of the pathogen. 

Resistant Strains. A considerable delay in death among r-hirl-g infected 
with both S. gallinarum and P. multocida following injection of crude fil¬ 
trates led us to surmise that some cells of the pathogenic population might 
be relatively resistant. A delay in death could then be due to the longer 


Table 6 


Test with Purtfitd Pol\m\xin Against Eberthella Typhoon in Mice 

Amount injected Units injected 

Mice protected 

Mice dead 

A\ erage hours 
of death 

1 mg 


800 


5 


0 

___ 

0.5 mg. 


400 


5 


0 

— 

0.25 mg 


200 


4 


1 

168 0 

0 12 mg 


100 


3 


2 

168 0 

0.06 mg 


50 


3 


2 

168 0 

0.03 mg 


25 


3 


*v 

156 0 

0 015 mg 


12 


1 


4 

156 0 

Penicillin 


250 


1 


4 

36 0 

Controls 


0 


0 


5 

, 17 2 

Material used was B-71 dried eluate assaying 800 E. colt streak plate umts/mg 




Table 7 





Resistant Strains or Shigella gallinarum 



i 


Dilutions of B-71 eluate 


Strain 

i „ 







,1/100 

t-* 

i 

1/600 

11/800 

1/1000 

1/2000 

1/400011/8000 

Original 

18-B 


+ + 

4- 

4- 

4- 

4- 

l _ 

4- 4- 

18-E 

— 

— — 

— 

i ~ 

— 


- | + 

18-F 


4- + 

4 

+ 

4 

•4 

+ 1 + 

19-D 

+ 

+ i + 

+ 

+ 

4- 

4- 

4 4* 


— «• Complete inhibition; + * no inhibition. 

All strains but original were cultured from hearts of chicks which died after all controls were dead 


incubation time needed by the limited number of cells unaffected by the 
antibiotic. Cultures were made from the hearts of several chicks originally 
inoculated with S. gallinarum and dying two or three days after all controls 
were out. Such cultures proved quite infective for the chicks upon retest, 
and, when tested against a strong polymyxin solution in streak plates, three 
of them showed a great contrast from the original culture (table 7). 

A program was initiated to select resistant strains by in vitro methods in 
order to check the above results. Using an active B-71 eluated at dilutions 
up to 1 part in 16,000, streaks were made from 24-hour broth cultures of 
6 pathogens. A broth culture was made from a colony of each pathogen at 
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the lowest dilution showing any growth. The process was repeated for a 
period of several transfers. From the limited data at hand (table 8), it 
appeared that resistance was developed to polymyxin by S. gallinarum and 
P. midtocida, but not by E. coli, E. typhosa, K. pneumoniae, and S. pullorum . 

Fermentation . All the material which we have employed for purification 
purposes has been produced from the B-71 strain in aerated tanks. The 
first runs were made in 200-gallon tanks, but we are currently using larger 
fermentors. The data given below apply primarily to the 200-gallon tanks. 

Medium — 3 per cent com steep liquor 

3 per cent dextrose 

Aeration — 0.7 liters of air per liter of mash per minute. 

Stirring — 135 r.p.m. 

Temperature —26~28 4 C. 

pH — Initially 7.2; after sterilization 6.542 hrs. 6.0; 64 hrs. 6.7. 

Yields — Approximately 400 streak-plate units per cc. at 66 hrs. when the tamfc* 

are harvested. 

Repeated runs on other types of media have yielded little or no potency 
on this medium with the B-71 strain. Conversely, a number of trials have 


Table 8 

In Vitro Selection op Resistant Strains 


Pathogen 

Initial complete 
inhibition 

Complete inhibition 
after 7 transfers 

Shigella gallinarum 

1/2000 

1/50 

Pasteurella multocida 

1/2000 

1/50 

Escherichia coli 

1/4000 

1/2000 

Eberihella typhosa 

1/4000 

1/4000 

Klebsiella pneumoniae 

1/8000 

1/4000 

Salmonella pullorwn 

1/4000 

1/8000 


B-71 eluate was the material used in these tests. 


shown that the Stamford strain produces but slight results on the com 
steep liquor medium. The two strains appear to differ further in their 
sensitivity to increased aeration and agitation, in the amount of gas pro¬ 
duced, and in the amount of mucin formed. 

Purification and Isolation of Polymyxin 

The isolation of polymyxin from media fermented in 20-liter aerated 
bottles was accomplished by using the charcoal adsorption method de¬ 
veloped by Carter ei alA for the purification of streptomycin. The eluates 
referred to in the first part of this report were obtained in this way. The 
liquor produced in deep tank fermentation presented a serious problem 
of filtration in that a mucoid material was produced which made filtration 
impossible. This problem was solved by shifting to a method which has 
been employed successfully by us in the treatment of other polypeptides, 
namely, s al t i ng the active principle into an organic solvent. 








PORTER et &!.: POLYMYXJS 


863 


Salting into Isopropanol. To the liquor produced via deep-tank fermenta¬ 
tion is added a one-quarter volume of isopropanol and stirred for one half- 
hour. To the alcoholic solution is added enough (NHOaSO* to cause the 
two fractions to separate. The alcohol is decanted and another one- 
quarter volume of isopropanol added and stirred for an additional one-half 
hour. The two decanted aliquots are pooled and filtered. At this point, 
the activity may be either adsorbed directly from the isopropanol, or the 
latter may be distilled in vacuo at a temperature no greater than 50-60°C. 
If distillation is employed, enough water is added toward the end of the 
process to make a light syrup. This is then filtered, placed in bottles, and 
frozen and dried in vacuo for future use. 

Aluminum Oxide Adsorption. For the adsorption of polymyxin from 
the isopropanol extract or from a methanolic solution of the dried distillate, 
a glass column packed with 40-80 mesh aluminum oxide is employed. Be¬ 
fore adsorption, the column is washed with 10 per cent H 2 SO 4 , followed by 
thorough washes with distilled water until the pH of the filtrate is 3-4. 
The column is then dried by passing methanol through it. The active 
isopropanol or methanol fraction is then passed through the column by 
gravity. Following adsorption the column is washed with water-methanol 
mixture which removes most of the color and solids with a loss of 10-15 per 
cent of the activity. Elution is then accomplished with successive volumes 
of distilled water. 

Crystallization of Free Base. The following is a typical experiment re¬ 
sulting in crystallization of polymyxin: 200 gm. of dried isopropanol ex¬ 
tract were stirred with 2.8 liters of methanol and filtered. The filtrate 
contained 193 gm. of solids and a total of 32,200 Shigella units of activity. 3 *' 
The adsorption column was a 3 inch pyrex glass tube filled to a depth of 
26 inches with 40-80 mesh aluminum oxide. The column was washed with 
one liter of 10 per cent H 2 SO 4 , followed by washes with distilled water and 
drying with methanol. As the alcoholic extract passed through the column 
by gravity, most of the black-red color was adsorbed. Most of this was 
washed out with 4 liters of 80 per cent methanol followed by 4 liters of 50 per 
cent methanol. Water elution followed. Results are given in table 9. 

The second and third eluates were adjusted to pH 10 with N NaOH and 
filtered. The filtrate was adjusted to pH 7 with N HC1, and then 9 grams 
of picric acid dissolved in hot water were added. After stirring, the solution 
was allowed to stand overnight at 4°C. The supernatant was then de¬ 
canted and the picrate, which adhered to the beaker, was dissolved in one 
liter of acetone and filtered by gravity. Acetone saturated with HC1 gas 
was added drop by drop to the acetone. When no more hydrochloride 
could be precipitated, the acetone was placed in the chill room for several 
hours. The hydrochloride was then filtered off by suction and dried in 
vacuo . 

* Because the streak-plate method is too crude for analyzing purification procedures, a cup-piate zone 
assay was devised using S. gaUinarum as the test organism. One Shigella unit was roughly equivalent to 200 
streak-plate E. call units. 



864 


AXXALS X'EIV YORK ACADEMY OF SCIEXCES 


Three grams of this hydrochloride (approx. 4-5 Shigella units/mg.) were 
dissolved in 50 cc. of distilled water. The water was cooled to freezing 
and ammonia gas introduced with a pipette. The liquid solidified and was 


Table 9 

Adsorption and Elution of Polymyxin by Column 


Steps in the process 

Volume 

| Total solids 

Total activity in 
Shigella units 

Alcohol extract 

2.8 liters 

| 193.0 gm. 

32,000 units 

Adsorption filtrate and 80^ 
MeOH wash 

7.0 liters 

. 

| 170.6 gm. 

inactive 

5(T r MeOH xsash 

3.77 liters 

| 5.714 gm. 

inactive 

1st H^O elution 1 

1.02 liters 1 

1 1.632 gm. 

816 units 

2nd H 2 O elution 

1.01 liters 

6.464 gm. 

18,937 units 

3rd H 2 0 elution 

1.02 liters 

2.555 gm. 

3,577 units 

4th H 2 O elution 

1.95 liters 

2.493 gm. 

448 units 

Total eluted with water 

5.0 liters 

13.144 gm. 

23,778 units 


1109 liters 

Hash 1.51 Billion Shigella units 


Two - l/k vols. Ieopropanol plus Ammonium Sulphate. 


Salt water phase. 


550 liters 
Combined alcohols. .715 million 
units 


Alu m i n u m Oxide Adsorption Column. 


60 liters 

Pooled water eluates. *532 million Adsorption'filtrate (Inactive) 

units 


Concentration 
and Crystallisation. 

38 grams of Polyryxin 5*78 units per mg. 
Total recovery approx. 2l£ 


Figure 1. Purification of polymyxin, flow sheet. 


placed in the chill room to complete the crystallization. After two hours, 
50 cc. of cold 28 per cent XH 3 were added and the mass stirred, then filtered 
by suction. The crystals were washed with cold water and dried in vacuo . 

When observed with an analyzing microscope, the crystals showed 
birefringence, and had no definite structure. They gave a strong violet 
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coloration with CuS0 4 -XaOH and had a point of decomposition between 
220-250°C. They assayed approximately 10 Shigella units, mg. 

Production of Polymyxin. Essential features of a typical run are given 
in the flow' sheet (figure 1 ). The column used was 8 inches in diameter 
by 36 inches in length. It was prepared for adsorption by the method 
given above. The 550 liters of isopropanol extract passed through the 
column were followed by 50 liters of methanol and then 75 liters of 50 per 
cent water-methanol. Seventy-five liters of distilled water were used for 
elution. The eluate was concentrated to 4 or 5 liters, filtered, cooled to 
the freezing point, saturated with ammonia, and allowed to stand two hours. 
The crystals were filtered off by suction, washed with cold water, and dried 
in vacuo. The recovery in the crystals was approximately 21 per cent of 
the activity initially present in the harvested liquid. 

Summary 

Sixty-five isolates of Bacillus polymyxa were obtained from fifty-two 
sources, mostly soil samples. There seemed to be important differences 
among these isolates with respect to their antibiotic production, as well as 
certain other factors. Ten cultures obtained from Wisconsin showed similar 
differences. The isolates demonstrated varying degrees of effectiveness 
against Shigella gall inarum, Pasteurella multocida , and Eberthella typhosa as 
determined by in vivo experiments. There is some evidence that a few 
bacteria develop resistance to polymyxin, although this does not seem to be 
true of the majority. 

Polymyxin may be produced in aerated tanks after a fermentation period 
of two or three days at a temperature of 26-28°C. The active principle 
can be isolated in two ways: (1) a charcoal adsorption, followed by an acid- 
methanol elution; or (2) salting into isopropanol, followed by adsorption on 
an aluminum oxide column using water as an eluant. Concentrated eluates 
contain 30-40 per cent of the initial activity. The combined eluates are 
then purified by making the picrate decomposition in acetone. Amm onia 
is used to complete the crystallization of the antibiotic. 
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EFFECT OF VARIOUS FACTORS ON THE PRODUCTION OF 

POLYMYXIN 


By R. G. Benedict and F. H. Stodolv 

Fermentation Division , Northern Regional Research Laboratory * Peoria , Illinois 


Introduction 

In May 1947, Benedict and Langlykke 1 reported the production of an 
antibiotic from strains of Bacillus polymyxa. It developed at that time 
that Stansly, Shepherd, and White, 2 of the American Cyanamid Company, 
had independently discovered the same antibiotic and had, as a matter of 
fact, conducted considerable research on phases of production, in vitro* test¬ 
ing, etc . They designated the antibiotic ‘'polymyxin.” In August of 
last year, Ainsworth, et al.,* working at the Wellcome Laboratories in 
England, also independently reported the production of an antibiotic, 
designated “Aerosporin,” from Bacillus aerosporus , which most authorities 
believe is synonymous with B. polymyxa . 

During the period since our previous report, we have exchanged informa¬ 
tion, cultures, and samples of polymyxin with the Cyanamid group and 
we welcome the opportunity of similar cooperation with the Wellcome 
Laboratory group and other workers. 

As stated in our report a year ago, we were searching for antagonists 
which would be effective against the Brucella group and other gram-nega¬ 
tive organisms. Our preliminary studies showed that certain soil isolates of 
Bacillus polymyxa were capable of producing antibiotic substances of con¬ 
siderable potency. Taking advantage of our collection of this organism, 
which had been enlarged for use in the production of 2:3 butylene glycol, 
we made observations on the antibacterial spectra of 32 known strains as 
well as 7 new isolates. We also found that it was possible to concentrate 
the antibiotic activity obtained in the filtrate from a better yielding strain. 
The present report is based particularly upon work which has been conducted 
at the Northern Regional Research Laboratory during the past year. 

In our experience, strains of Bacillus polymyxa were found to produce, 
on agar plate media, an apparently water-soluble factor which markedly 
inhibited the growth of some Gram-positive types. This factor was studied 
by Stansly and Schlosser,* who extracted it from the cells of B. polymyxa as 
a water-soluble, ethanol-soluble substance which was highly active against 
Staphylococcus aureus and inactive against Escherichia coli. We have 
found no adequate explanation for the apparent loss in water-solubility 
which this factor undergoes during the process of partial purification. 

Prdiminary Studies on Various Media for the Production of Polymyxin . 
Bacillus polymyxa is not a fastidious organism. Katznelson and Lochhead 6 

* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agricultural Research 
Admini stration, 17. S. Department of Agriculture. 
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found that growth factor requirements in a synthetic medium were satisfied 
by the addition of 0.1 fx g. biotin per liter. Thiamin was not essential, but 
low levels added to the medium caused growth stimulation of sjme strains 
and inhibition of others. As a source of organic nitrogen, yeast extract 
was superior to tryptone or peptone. 

Our preliminary studies soon indicated that good growth of the organism 
is not always correlated with high yields of polymyxin. Furthermore, 
yields varied greatly with different substrata. In our preliminary tests, 
active culture filtrates were obtained from only 2 of 10 different media 
tested. The routine procedure of sterilizing crude beers by sintered-glass 
filtration proved fortunate, because we later found that polymyxin from 
crude culture liquor is highly adsorbed on Seitz filter pads. 

Of the two favorable media mentioned above, a corn steep-glucose-calcium 
carbonate preparation gave the most active filtrates. The relatively low 
yields of polymyxin obtained in this medium, when compared with later 
work, were due partly to the conditions of fermentation. Its use was dis¬ 
continued when trials with the yeast extract-mineral salts-dextrose medium 
of Stansly, Shepherd, and White 2 was found to produce significantly higher 
yields. As indicated by these workers, initial pH adjustment, addition of 
separately sterilized dextrose, use of small inocula, and fermentation at 
25°C. are important factors in attaining good yields of polymyxin in shallow 
surface cultures or in deep fermentation vessels with moderate aeration. 

Polymyxin Assay Methods . Different methods of assaying polymyxin 
were investigated. Our first assays were done by a serial dilution method 
using Brucella bronchiseptica NRRL B-140 as the test organism. This 
procedure proved unusually tedious since all culture liquors had to be 
filter-sterilized prior to test. In an attempt to develop a more rapid assay, 
Escherichia coli was investigated in connection with a 4-hour turbidimetric 
method. Reproducible results were difficult to obtain and this latter method 
was abandoned. In the meantime, Stansly and Schlosser 6 developed a 
paper disc-agar diffusion method of assay with E . coli (MacLeod strain) 
as the test organism. Since the antibiotic polymyxin diffuses very slowly 
through agar, and since E. coli multiplies very rapidly, the use of this or¬ 
ganism required that the assay plates be incubated at 25°C. for 18 hours, 
followed by 37°C. for 6 hours. Brucella bronchiseptica NRRL B-140 was 
found to be equally sensitive to polymyxin, and Benedict and Stodola 7 found 
that its use in a paper disc method offered certain marked advantages. 
The zones of inhibition of both standard preparations and crude fermenta¬ 
tion liquors had sharply defined edges, and assay plates could be incubated 
directly at 37°C. and read after 14 to 16 hours. 

A polymyxin assay plate, with Brucella bronchiseptica B-140 as the test 
organism, is shown in figure 1. The assay strain is remarkably stable and 
has been carried on artificial culture media for 10 years. Since strains of 
the organism rarely infect humans, the culture may be safely handled with 
the usual precautions afforded potential pathogens. Our plate unit of 
polymyxin is the same as that of Stansly and Schlosser. 6 A partially purified 
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polv mv \m hv drochlunde standard and a subculture ot the C> anamid strain 
ot B polymwa designated XRRL B-719) used to produce it, were kindly 
supplied by the Cvanamid group All subsequent pol}m}xm standard 
w ere e\ aluated against this standard 

L Hiadohi Inadiation of Bacillus polymyxa Since ultraviolet irradiation 
proved so effective m producing higher penicillin-vlelding mutants of 
PcnutUiam civ ysogennm as shown by Backus et alp this technique was 
tried on Bacillus polymyxa The strains irradiated were XRRL B-719, B- 



IkipitI Iol\m via ismv [lit ith B) <<, aumthupi i NKRT b 140 I ach pa] Lr disc was Mtu- 
ia f edm i Hilutioncortain n-, 12K units poI\m\vn per ml 


719 HS, the same, but with spores heat-shocked tor 1 minute at 90°C , 
and Adams and Ledmgham’s strain Xo C-40(2) In brief, the technique 
was as follows: One loopful of a 24-hour broth culture was streaked across 
the center of a plate containing a soluble starch-peptone-} east extract 
medium with 3 per cent agar. A. stenle Pyre\ glass 1 T" w T as used to spread 
the inoculum in a radial pattern on the agar plate A set of plate cultures 
from each test strain was exposed to ultraviolet nradiation with covers re¬ 
moved, for intervals of 0, 1, 2, 4, 7, and 10 minutes The apparatus em¬ 
ployed in these studies was that used by Raper and Fennell 9 in the produc¬ 
tion of higher yielding penicillin X mutants from Pemcilhum chysogenum 
XRRL 1984. It consisted of a 4-watt General Electric germicidal lamp of 
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bent tube construction emitting 500 milliwatts of 2,537 A (95 per cent of 
the total irradiation) as the source of ultraviolet light. The lamp was sup¬ 
ported on a ringstand in a horizontal position 11.4 cm. above the base. 

After 3 days' incubation at 25°C , the plates were examined for survivors. 
T able 1 shows the approximate numbers of surviving cells which developed 
colomes The treatment appears to be quite drastic, as indicated by the 
reduction of viable cell numbers. Assuming that approximately equal 
numbers of B. polymyxa cells were streaked on all plates, this table shows 
that there is considerable variation between strains in their ability to with¬ 
stand ultraviolet treatment. 

Testing of Ultraviolet Mutants . Production of polymyxin in submerged 
culture appeared to be more practical than still culture production in shallow 
layers of medium. Laboratory tests, therefore, were conducted in shaken- 
flask cultures. The selected yeast extract-mineral salts-glucose medium 
was employed in 150-ml. quantities in 1-liter Erlenmeyer flasks, and each 

Table 1 

Colony Formation in Strains of Bacillus polymyxa After Exposure to Ultraviolet 

Irradiation 


Irradiation time 
(in minutes) 

B-719 

B-719 HS 

040(2) 

0 

_ * 

___ 


1 

130 

21 

500-1000f 

2 

120 

4 

500f 

4 

45 

3 

1 300 

7 

5 

0 i 

| 90 

10 

1 

0 1 

1 55 


* Colonies too numerous to count 
t Approximate count 


was inoculated with a single colony from a plate. The flasks were agitated 
on a rocker shaker having 88 oscillations per minute and a 3-inch stroke. 
Incubation was at 25°C. Samples were taken for pH and assay on the 
third, fourth, and fifth days. In a good fermentation, the pH drops from 
7.5 at 0 hours to about 6.2 at 72 hours and rises to 6.8 at 96 hours. However, 
in the first set of shaken-flask tests, the pH of the B-719 unirradiated con¬ 
trol, and also practically all of the ultraviolet-treated isolates of this strain 
had dropped to 4.7 and no polymyxin was produced. The beneficial effect 
of adding sterile calcium carbonate and sterile dextrose to some of these 
“sour" flasks is shown in table 2. The results show that some polymyxin 
was produced after the neutralization of the “sour" culture liquors with 
calcium carbonate. More significant, however, was the observation that 
polymyxin production was greatly stimulated in the neutralized beers, to 
which additional sterile dextrose solution had been added. If allowed to 
incubate for 2 days at 25°C., still culture flasks, with or without calcium 
carbonate, could then be placed on the shaker, and significantly higher 
yields of polymyxin were produced at 4 days than in comparable still culture 





AXXALS XEIF YORK ACADEMY OF SCIENCES 


S i u 

flasks of the same age. However, if sterile calcium carbonate was added 
prior to inoculation with JB-719 and the flasks shaken at 25°C., little or no 
polymyxin was produced even though the problem of souring of the medium 
had been eliminated. 

It was obvious that a change either in the medium or in the method of 
fermentation should be made before testing further the production of poly¬ 
myxin by XRRL B-719 and some of its ultraviolet-induced mutants. 
Stansly and co-workers 10 had found that, of a number of cheaper protein 
sources, soybean oil meal was the only substitute for yeast extract which 
gave equivalent polymyxin production. In our laboratory, excellent re¬ 
sults were obtained by substituting 0.5 per cent “Xutrisoy XXX,’’ a solvent- 
extracted soybean meal, in place of yeast extract. The tests were run in 
Erlenmeyer flasks, with each containing 145 ml. of soya meal-mineral salt 

TABLE 2 

Reco\er\ of Polymyxin Production in ‘‘Sour” Flasks b\ rim Addition oi Calcium 

CARBON YTE AND DEXTROSE 

H-CaCO at 72 1 Dextrose at 1164- 

hours-{- i hours+ 


Strain Xo. 

72 hr 

assa\ s 

96 hi. 

assa\ s 

130 hr. 

assays 


pH 

u / ml. 
assaj 

I>H 

u ml 
assa\ 

pH 

u /ml. 
assay 

B-719 unirradiated 

4.7 

0 

6.5 

0 , 

_ 

_ 

UV-24 

4 8 

0 

6 3 

28 

6.4 i 

270 

UV-30 * 

4.7 

0 

6 6 

84 

6.5 

120 

UV-35 

4.7 

1 0 

6.6 

42 

6.7 

96 

UV-39 

4.8 

0 

6 5 

1 8 

6 8 | 

105 


* Ultra\ lolet-treated isolates from B-719. 


base adjusted to pH 7.7 before sterilization. Before inoculation, 5 mi. 
sterile 30-per cent dextrose solution and 1.5 grams of dry sterile calcium 
carbonate were added. The flasks were agitated at 25°C. on a rocker-type 
shaker. Souring of the medium did not occur in the absence of calcium 
carbonate, but adding it to the medium resulted in higher yields of poly¬ 
myxin. 

Polymyxin production by the stock strain of NRRL B-719 and 74 colonies 
developing from ultraviolet irradiated cells of the same were studied, along 
with the effect of feeding different amounts of sterile dextrose solution to 
the flasks at various times during the fermentation. Colonies from ir¬ 
radiated B-719 HS (heat shocked) and from irradiated C-40(2) produced no 
more polymyxin than the unirradiated controls. A number of ultraviolet- 
induced mutants from B-719 (not heat shocked) gave considerably higher 
yields than the unirradiated parent. Many combinations were tried in 
the process of feeding additional dextrose, but 1 per cent added between 
the second and third days of fermentation was the only one which con- 
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sistently doubled the polymyxin yields. Some strains of B. polymyxa 
produce large amounts of gummy material when the carbohydrate content 
of the medium is increased. A total of 2 per cent dextrose, half at the start 
of fermentation and the remainder added at 48 to 72 hours, did not cause 
excessive slime formation by any of the test strains. Table 3 shows the 
combined effects of ultraviolet irradiation and feeding of sterile dextrose 
on B. polymyxa , XRRL B-719, and three selected ultraviolet mutants of 
the same. At 112 hours, the polymyxin titers in the flasks receiving addi¬ 
tional dextrose were twice those of the unfed controls. Strain UY-37 ap¬ 
peared considerably better than the unirradiated parent. Colony isolates 
were obtained by plating out all ultraviolet-treated strains which yielded 
400 units per ml. or more. Four isolates from UY-37 produced 900 to 1000 
units per mi. In subsequent experiments, these strains consistently pro- 


Table 3 

Effect of Ultraviolet Irradiation and Feeding of Sterile Dextrose on Polymvxin 
Production by B. polymyxa NRRL B-719 




Age in hours at assay, plate units 

Strain 

Dextrose fed 


polymyxin per ml. 




64 1 

88 1 

112 

136 

B-719 (control) 

None 

199 | 

184 

132 

_ 

1 % at 64 hrs. 

192 

264 

256 

1 232 

TJV-24 4 

None 

212 ' 

232 

164 

_ 


1 % at 64 hrs. 

204 

23 2 

I 

352 , 

, 212 

UV-33* 

None 

324 

194 I 

1 124 

_ 


1% at 64 hrs. 

256 1 

1 240 I 

1 256 

184 

UV-37* 

None 

160 1 

220 1 

I 176 | 

! _ 


1% at 64 hrs. 

| 180 

500 | 

; 360 | 

184 


* Ultraviolet-treated mutants from B-719. 


duced from 500 to 900 units per ml. in shaken-flask cultures. Since these 
yields are so much greater than those from the unirradiated parent, we 
assume that ultraviolet treatment has produced relatively stable mutants 
and is a procedure which others might profitably use to increase polymyxin 
production in their own strains. Progeny of these strains were irradiated, 
but no higher yielding mutants resulted from these “secondary” exposures. 

In shaken flasks with the soya meal-calcium carbonate medium there is 
some relationship in color between the supernatant fluid and polymyxin 
yields. Upon standing, a dark brown color was noted in the high-titer 
flas ks as compared with a light straw yellow for the low-titer flasks. An 
attempt was made to correlate color intensity with polymyxin yields, using 
a spectrophotometer. However, the correlation was not sufficiently signifi¬ 
cant to allow use of color measurement as an analytical procedure for 
polymyxin assay. 
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Polymyxin Production by Strains other than B-719. Emphasis has been 
placed on polymyxin production by B-719 and mutants derived from it. 
In addition to these, 24 strains of Bacillus polymyxa from our culture col¬ 
lection and 11 strains isolated from soils were tested in the soya medium 
by the shaken-flask method. Compared with strain B-719 (unirradiated) 
averaging 200 units polymyxin per ml., 10 were better, 11 equal, and 14 
produced less than 200 units per ml. The best strain of this group was a 
soil isolate, NRRL B-694, which without irradiation has consistently pro¬ 
duced from 600 to 800 units per ml. with a maximum yield of 1290 units 
per ml. 

In an effort to increase our yields of polymyxin, additional variations 
in the constituents of the medium were tried. Twenty of the above 35 
strains produced significantly more polymyxin when hexane-extracted 
peanut meal was substituted for the same amount of soya meal. Of various 
concentrations tested, peanut meal at a level of 1.5 per cent appeared un- 


Table 4 

A Comparison of Polymyxin Plate Units and Serial Dilution Activity Obtained 
with Four Strains of B. polymyxa 


Strain No. 

Plate units/ml.* 

Dilution units/ml.* 

NRRL B-503 

262 

36,000f 

B-367 

174 

9,000 

B-719-UV-37 

710 

15,000 

B-694 

665 

9,000 


* Assays at 93 hours against Brucella bronckiseptica NRRL B-140. 
T Ratio of plate to dilution units is approximately 1:10. 


usually favorable. As an inorganic source of nitrogen, 2 per cent am¬ 
monium citrate or di-ammonium hydrogen phosphate was equally as good as 
the 2 per cent ammonium sulfate normally used in the medium. Of the 
carbohydrate materials tested in polymyxin production by Stansly and 
co-workers and by ourselves, dextrose and sucrose were superior to lactose 
or soluble starch. Commercial hydrol, a residual molasses obtained in the 
manufacture of com sugar, is rich in glucose and gentiobiose. We found 
that, when used on a comparable glucose basis, it proved a better carbohy¬ 
drate source for polymyxin production by some strains than dextrose 
alone. 

Formation of Different Polymyxins by Some Strains of B. Polymyxa . It was 
suggested to us by Reese and Eisenberg 11 that some strains of B. polymyxa 
produce polymyxin or polymyxins which do not readily diffuse through agar. 
A relatively simple procedure to show that some strains produce types which 
are less readily diffusible than the polymyxin produced by B-719-UV-37 and 
B-694 may be seen in table 4. Four strains of B. polymyxa were grown 
in the same medium and 93 hour values on the crude beers determined by 
our paper disc-plate method and by a serial dilution method, with Brucella 
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bronchiseptica B-140 as the test organism. Although the plate units per 
ml. in the crude beers from strains B-719-UV-37 and B-694 were approxi¬ 
mately 3 times greater than those from B-503, the dilution units from this 
culture were 2.4 times those from B-719-UV-37 and 4 times those from 
B-694. Strain B-367, showing one-fourth the plate unit activity of B-694, 
was equally active by the serial dilution method. These results suggest 
that B-503 and B-367 produce different polymyxins than those formed by 
B-693 and B-719-UV-37. 

Polymyxin Production on a Semi Pilot-Plant Scale. A number of 15-iiter 
fermentations were run in 22-liter round-bottom flasks. The aeration rate 
was one-fifteenth volume of sterile air per volume of culture liquor per 
minute. Under these conditions, 400 units per ml. was the highest yield 
of polymyxin attained. In the preparation of polymyxin concentrates 
from crude beers of equal unitage, higher potency material, on a weight 
basis, was obtained from the yeast extract medium than from the soya or 
peanut meal preparations. The carbon adsorption treatment, which re¬ 
moved all of the polymyxin activity from the clarified yeast extract beer, 
removed only half of the activity from culture filtrates of soya or peanut 
meal medium. The final product obtained from the purification of these 
latter filtrates contained more inactive protein than the product derived 
from the yeast extract filtrates. 


Summary and Conclusions 

Polymyxin production by 35 strains of Bacillus polymyxa has been studied 
in various media under different conditions. Ultraviolet radiation pro¬ 
duced higher yielding polymyxin mutants from one of four strains irradiated. 
The fee din g of sterile dextrose during the fermentation to all 35 test strains 
greatly increased the polymyxin yields. Soya and peanut meals were 
superior to yeast extract as protein sources in the medium, and represent 
cheaper and more available substitutes for large-scale production. Evidence 
for the formation of different polymyxins by some strains of B. polymyxa 
is based on slower rates of diffusion and marked differences in activities 
when compared by two methods of assay. 


Bibliography 

1. Benedict, R. G. & A. F. Langlykke. 1947. The antibiotic activity of Bacillus 

polymyxa. I. Bact. 54: 24-25. „ 

2. Stansly, P. G., R. G. Shepherd, & H. J. White. 1947. Polymyxin: A new chemo- 

therapeutic agent. Bull. Johns Hopkins Hosp. 81:43-55. 

3. Ainsworth, G. C., A. M. Brown, & G. Brownlee. 1947. JAerosponn,’ an anti¬ 

biotic produced by Bacillus aerosforus Greer. Nature 160: 2oa-2o4. 

4. Stansly; P. G. & M. E. Schlosser. 1947. Studies on polymyxin: Isolation and 

identification of B. polymyxa from certain known antibiotics. J. Bact 54:545J-550. 

5. Katznelson, H. & A. G. Lochhead. 1944. Studies with B. polymyxa . 133. Nu¬ 

tritional requirements. Can, J. Research 22C: 273-279. . 

6. Stansly, P. G. & M. E. Schlosser. 1947. Studies on polymyxin: An agar diffu¬ 

sion method of assay. J. Bact. 54: 585-597. . , 

7. Benedict, R. G. &. F. H. Stodola. 1948. Modification of an agar diffusion method 

of assay for polymyxin. J. Bact. 55:286. 



874 AXXALS XEW YORK ACADEMY OF SCIEXCES 

8. B ackus. M P, J F Stauffer, & M. J. Johnson. 1946. Penicillin yields from new 

mold strains. J. Am. Chem. Soc. 68:152-153. 

9. R aper, K. B. & D. I. Fennell. 1946. The production of penicillin X in submerged 

culture J. Bact 52: 761-777. 

10. Stinsly, P. G, M E. Schlosser, X. H. Ananenko, & M H. Cook. 1948. Studies 

on poh n \ xin: Production of acti\ e fermentation liquor. J. Bact. 55:573-578 

11. Reese, E T. & G. M. Eisenberg. 1947 Personal communication. 



ANTIBIOTICS DERIVED FROM BACILLUS POLYMYXA 
By George Brownlee 

The Wellcome Physiological Research Laboratories, Beckenham , Kent, England 

The antibiotic at first referred to as “Aerosporin” and now known as 
Polymyxin A was discovered at The Wellcome Physiological Research 
Laboratories, in the course of routine screening of possible antibiotics in 
1945. 

The productive strain of the organism was first identified as Bacillus 
aerosporus Greer, an organism which is now recognized to be identical with 
B. polymyxa , a widely distributed bacterium whose natural habitat appears 
to be the soil. 

Isolated by Ainsworth el al., 1 the antibiotic was shown to be chemo¬ 
therapeutic and selectively active against Gram-negative pathogens. It 
attracted attention in the course of screening operations by reason of its 
high activity against Haemophilus pertussis and Eberthella typhosa. Sub¬ 
sequently, its chemotherapeutic and pharmacological properties were 
described by Brownlee and Bushby. 2 They described its bactericidal nature 
and emphasized the difficulty with which resistant strains emerged. After 
the paper of Brownlee and Bushby had been lodged for publication, the 
report on 4 ‘Polymyxin” by Stansly et al . 3 became available. “Polymyxin,” 
as described, is produced by another strain of the organism which produces 
“Aerosporin” and appears to have an identical antibacterial spectrum. 
However, as is apparent from the report, it differs both in antibacterial 
efficiency and in certain pharmacological properties from polymyxin A. 
There is an even earlier report of the antibacterial nature of crude liquid 
cultures of B. polymyxa presented by Benedict and Langlykke 4 which antici¬ 
pated by three days a description by Ainsworth et al. 1 of the chemothera¬ 
peutic activity of relatively pure material. 

The simultaneous development of allied antibiotics in America and Britain 
produced by a common bacterial species is no accident. The process was 
catalyzed by the discovery of penicillin and by the fundamental work which 
uncovered streptothricin and streptomycin, and, in turn, it reflects the 
intense activity in this productive field. The preliminary clinical report 
of Swift 8 indicated that the new antibiotic appeared to be effective in abort¬ 
ing early cases of pertussis, and in modifying the course of the disease in 
later cases in which mixed infections were already present. Simultane¬ 
ously with the development of the pharmacology and chemotherapy of the 
material described as “Aerosporin,” the studies on its isolation and purifica¬ 
tion (by Catch and Friedmann 6 ) were published, as well as those on its 
chemical nature by Catch and Tudor Jones 7 and by Tudor Jones. 8 * 9 These 
authors demonstrated the principally polypeptide nature of the antibiotic 
and showed that there was in its make-up leucine, threonine, and a,y- 
diaminobutyric acid. 

It was early observed that even “pure” samples of the antibiotic appeared 
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to be contaminated by a nephrotoxic principle (Brownlee and Bushby 2 ;. 
This problem was studied by Brownlee and Short, 10 and it was shown that 
the lesions were restricted to the distal portion of the renal convoluted 
tubules and that their extent could be estimated histologically and, also, by 
observing the resultant proteinurea in rats or dogs. The damage was 
found to be similar to that due to £>-serine (Artom, Fishman, and More- 
head 11 ). It was found, further, that the substances which antagonized 
the nephrotoxic action of 73-serine also antagonized the nephrotoxic activity 
of the principle in the new antibiotic. While it had been demonstrated 
clinically that “Aerosporin” could be successfully used in spite of its renal- 
damaging factor, this difficulty was an obvious defect. In clinical practice, 
methionine was observed to modify the proteinuria but not to eliminate 
it. Efforts to eliminate the toxic factor took the form of purification, identi¬ 
fication of the site of damage and the development of counter measures, 
and strain selection to eliminate its formation. The third of these proce¬ 
dures proved to be the most productive and quickly provided a second anti¬ 
biotic, which differed chemically from both “Polymyxin” and “Aerosporin” 
and proved to be free from nephrotoxic factor when examined both experi¬ 
mentally and clinically. Evidence will be presented later at this conference 
to justify these comments. 

There was a second and not altogether unexpected outcome of strain 
selection. Knowledge was quickly built up of a number of antibiotics of 
essentially similar biological and chemical structure, pharmacological 
differences being noted from one to the other. Recognition of these diverse 
antibiotics, evidence for the existence of which will also be presented at 
this conference, raises in an acute form the question of nomenclature. A 
number of publications have appeared describing the isolation, chemo¬ 
therapy, pharmacology, bacteriology, and clinical study of the antibiotic 
described as “Polymyxin.” Further evidence to be presented here will 
demonstrate that this antibiotic is a specific entity differing from its allied 
substance previously described as “Aerosporin.” The latter, for its part, 
also has been identified in the literature chemotherapeutically, pharma¬ 
cologically, chemically, and clinically, as a specific entity differing from 
“Polymyxin.” We now propose, at this conference, to present evidence for 
the existence of at least two more antibiotics of this type. 

Table 1 compares the qualitative differences in the amino-acids derived 
by hydrolysis from the polypeptide component of four different antibiotics 
derived from B. polymyxa. 

Whether the antibiotic studied at Peoria, 4 that studied by Reese and 
Eisenberg, 12 and that studied by others, is “Polymyxin,” “Aerosporin,” or 
one of the other members, remains to be seen. 

These are some of the considerations which make the acceptance of a 
generally approved generic name for this group of antibiotics a matter of 
immediate urgency. The name proposed is Polymyxin.* 

* The name actually proposed at the conference was Bacillosporix Subsequent discussion proved it to 
be unacceptable to the American workers who preferred the taxonomically derived Polymyxin. This was 
accepted by the British group in the interests of early agreement in a rapidly expanding field of research, 
It was agreed that Badllosporin A (the original *Aerosponn , )» B and C should be renamed Polymyxin A, B, 
and C and the original ‘‘Polymyxin" (Stansly el al.') be labeled D. 
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To adopt the excellent suggestion of Waksman, 13 when discussing strepto¬ 
mycin, and to precede the generic name by modifying adjectives indicating 
the special points of difference would in this instance, and certainly at this 
time, produce names too unwieldy for practical use. The course which I 
suggest is the use of the alphabet. The equivalent one using cardinal 
numbers as suffixes is equally trivial and has a disadvantage of not being 
mnemonic. In default of an agreed nomenclature, the problem would 
become complex should further strains be isolated, yielding products of 
which the polypeptide portions of the molecule show further qualitative 
differences. In the same way, the determination of the quantitative 
compositions of the antibiotics would render the problem intractable. 


Table 1 


Poly¬ 

myxin 

Culture No. 




Serine 

a, 7 -Dia- 
mino-bu- 
tyric acid 

A 

1984 

2002 

121 

+ 

B 


— 

+ 

B 

1419 


+ 

+ 

- 

+ 

C 

2136 

114J 

— 

+ 

+ 

- 

+ 

D* 

B71 

(Lederle) 

+ 

— 

+ 

+ 

+ 


* Stansly et cl . 
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COMPARATIVE BIOLOGICAL STUDIES OF POLYMYXIN AND 

“AEROSPORIN” 

« 

By II. J. White, C. M. Al verson, M. J. Barer, and 
E. R. Jackson 

Chemotherapy Division , Stamford Research Laboratories , American Cyanamid Company t 

Stamford , Connecticut 

Polymyxin is a generic term which has been used 1 - 9 to designate non- 
homogeneous antibiotic material produced by Bacillus polymyxa. “Aero- 
sporin” is the trademarked name introduced by Ainsworth, Brown, and 
Brownlee 10 to designate a similar product from the same bacterial species. 

A comparison of the original publications'* 10 on polymyxin and “Aero- 
sporin” strongly suggested that they were cither identical or very closely 
related. Consequently, it became a matter of considerable interest to make 
a comparative study of the two substances to evaluate, by means of side-by- 
side tests, their points of similarity and difference. Such a study has been 
made possible through the mutual exchange of representative samples. 
The sample of “Acrosporin” (61 P 48) used in the present investigation was 
obtained from Dr. George Brownlee of the Wellcome Physiological Re¬ 
search Laboratories. It had an ascribed potency of 7940 “Acrosporin” units 
per milligram and, thus, was considered to be about 79 per cent “pure”. 11 
All comparative data have been based on the use of a sample of polymyxin 
(B71-91-2) with a potency of 1540 Stamford units per milligram, or a 
“purity” of approximately 77 per cent.' 

Both samples are mixtures of basic polypeptides and, although chemical 
studies are incomplete, a definite difference in their composition has already 
been firmly established. ,?,w Hydrolysates of either polymyxin or “Aero- 
sporin” contain leucine, threonine, «, 7 -diaminobutyric acid, and an as yet 
unidentified Cy acid. In addition to these components, polymyxin, but not 
“Acrosporin,” contains the amino acid serine. 

In this investigation, polymyxin and “Acrosporin” (as represented by the 
samples described above) have been compared with reference to their m 
vilro activity under various test conditions, therapeutic effectiveness in 
experimental infections, and acute toxicity for mice. Since, for all practical 
purposes, the samples were of equivalent purity, all comparisons have been 
made on a weight-for-weight basis. 

Methods 

Agar Dilution Spot Plate Method . A series of plates were set up, for each 
drug, with the drug incorporated in 2 ]>er cent blood infusion agar in con¬ 
centrations covering the desired test range, on a two-fold scale. The plates 
were allowed to diy, with raised covers, for an hour at 37°C. and were then 
inoculated by spotting one drop of a 10" 1 dilution of a 20-hour broth culture 
on a marked section of each plate. In this way, a single series of plates 
was used for titrating each drug against as many as twenty different test 
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organisms, simply by spotting twenty cultures on appropriately marked 
sections of each plate. After 24 hours’ incubation at 37°C., the activity 
of the drug, against each organism, was measured in terms of the smallest 
concentration per ml. of agar which completely inhibited growth. 

Broth Dilution Method . Serial two-fold dilutions of a glass-filtered aque¬ 
ous solution of each drug were made aseptically in sterile Trypticase soy 
broth in final volumes of 5 ml. Each tube of each series was then inoculated 
with 0.2 ml, containing the desired inoculum, obtained by appropriate 
dilution of a 20-hour broth culture of test organisms. After incubation for 
24 hours at 37°C., inhibitory activity was expressed as the smallest con¬ 
centration of drug per ml. of broth which completely prevented visible 
growth. One-ml. volumes from tubes in which growth was absent were 
then subcultured into 9 ml. of sterile broth to determine bactericidal end¬ 
points. 

Experimental Infections. Expenmental infections produced by Pasteurdla 
strain $310 and Klebsiella strain AD are standard infections for chemo¬ 
therapeutic studies in this Laboratory. These strains are highly virulent 
for mice and their virulence is maintained by continual mouse passage, on 
a bi-weekly schedule. The infections are produced by intraperitoneal 
inoculation of appropriate dilutions of 4-6 hour blood broth cultures. 
Virulence titrations indicate that a single organism, or clump, constitutes a 
lethal dose, as determined by plate count. The untreated infections are 
invariably characterized by rapidly progressing peritonitis and bacteremia, 
terminating in death within 16-36 hours. To establish that death was 
caused by the original infection, cultures are made of heart blood from mice 
dying during therapeutic experiments. Surviving mice were held for a total 
of 21 days after infection. Deaths among animals treated with single 
doses of polymyxin or “Aerosporin” rarely occurred after the tenth day 
following infection. On this basis, survival for 21 days was considered to 
be presumptive evidence of cure. 

The experimental infection with Haemophilus pertussis was produced by 
intracerebral inoculation of 14 16 gram mice with 100,000 bacilli in 0.03 ml. 
volume. The culture (strain 18323) and standardized procedure for this 
infection were kindly supplied by Miss F. L. Clapp and Miss 1). Novotny, 
of the Lcderle Laboratories. 

In all cases, our comparisons based on dose-effect data have been eval¬ 
uated quantitatively by use of the Simplified Method of Wilcoxon and 
Litchfield. 11 

Antibacterial Activity in vitro 

Reproducibility of in vitro Test Results . Polymyxin and “Aerosporin” 
were titrated simultaneously against four bacterial strains by means of the 
agar dilution spot plate method. These titrations were replicated twenty 
times. The test, on any one day, consisted of titrating each drug against 
each of the four strains, or a total of eight titrations per day. Results of 
these replicate tests are shown in table 1. It is evident that the activity 
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endpoints for either drug varied as much as four-fold, against each organism, 
from test to test. It is also evident that the relative activity of the two 
drugs varied from polymyxin being twice as active, to one-half as active, 
as “Aerosporin.” Under these conditions, one can only conclude that the 
two drugs have the same order of activity. 

j Effect of Inoculum Size . The effect of inoculum size on the relative 
bactericidal activity of polymyxin and “Aerosporin” against each of four 


Table 1 

Variation in Relative Activity or Polymyxin and “Aerosporin” prom Test to Test 

in vitro 




E coli 

E. typhosa 

K. pneumoniae 

Past, multocida 

Test 

1 M.E C. 

Activity 

M.E.C 

Activity 

M.E C. 

Activity 

M.E.C. 

Activity 

No. 

Ozg./ml) 

Ratio: 

0»g./ml) 

Ratio: 

(ug./ml.) 

Ratio: 

(jug./ml) 

Ratio 


PM 

A 

PM/A 

PM 

A 

PM/A 

PM 

A 

PM/A 

PM 

A 

PM/A 




— 

— 


— 

— 

— 

— 

— 

—. 

-- 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

t 

2 

2 

1 

1 

1 

1 

2 

2 

2 

2 

1 

3 

1 

2 

2 

0 25 

0 5 

2 

0 5 

1 

2 

1 

1 

1 

4 

4 

4 

l 

0 5 

0 5 

1 

1 

l 

1 

2 

2 

1 

5 

2 

4 

2 

0 25 

0 5 

2 

0 25 

0 5 

2 

1 

2 

2 

6 

4 

4 

1 

1 

2 

2 

1 

2 

2 

2 

2 

1 

7 

4 

2 

0.5 

1 

1 

1 

1 

2 

2 

4 

2 

0 5 

8 

4 

2 

0 5 

1 

1 

1 

1 

1 

1 

4 

2 

0.5 

9 

2 

4 

2 

1 

t 

1 

1 

1 

1 

1 

2 

2 

10 

1 

1 

1 

1 

0 5 

0 5 

1 

1 

l 

1 

1 

1 

11 

2 

2 

1 

l 

1 

1 

1 

1 

1 

1 

2 

2 

12 

1 

2 

2 

1 

0 5 

0 5 

1 

0 5 

0 5 

1 

2 

2 

13 

1 

2 

2 

1 

1 

1 

1 

0 5 

0 5 

1 

2 

2 

14 

1 

2 

2 

0 5 

0 5 

1 

0 5 

l 

2 

1 

1 

1 

15 

1 

2 

2 

1 

1 

t 

0 5 

1 

2 

1 

1 

1 

16 

2 

2 

1 

0 5 

1 

2 

1 

2 

2 

1 

1 

1 

17 

2 

2 

1 

0 5 

1 

2 

0.5 

1 

2 

1 

1 

1 

18 

t 

2 

2 

0 25 

0 5 

2 

1 

1 

1 

1 

1 

1 

19 

1 

2 

2 

0.5 

0 5 

1 

0 5 

0.5 

1 

0 5 

0 5 

1 

20 

t 

2 

2 

0 5 

0 5 

1 

0.5 

l 

2 

0 5 

1 

2 


M HC -Minimum tftcttiu tomeutialum, ox Hu smallest concentration of drug which completely in¬ 
hibited growth us dcUimfnrd by the agar dilution sjmt plate m< thod 
PM Polymyxin, A - “Aerosporin ’* 


strains wa.s determined by means of the broth dilution method. The test 
organisms included strains of E. coh , E. typhosa, Klebsiella pneumoniae , 
and Pasteurclla multocida . Typical results are illustrated by figure 1. 
On the basis of these tests, it was concluded that polymyxin and “Aero¬ 
sporin” are similarly affected by variation of inoculum size. 

Spectrum Tests . Polymyxin and “Aerosporin” were titrated in side-by- 
side tests against each of twenty bacterial species by means of the agar 
dilution spot plate method. Results of duplicate comparisons of this kind 
are shown in table 2. When one considers the variation from test to test 
with a single drug (table 1), it is evident that a four-fold difference between 
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any two drugs, in a single comparison, is not striking enough to be considered 
significant. Consequently, the results shown in table 2 must be taken as 



INOCULUM PER 5 ML 

Figure 1 Inoculum si^e of E roll (M) and bactcnud.il endpoint of drugs 


Taull 2 

Relative Activity of Polymyxin and “Ai.uosportn” in vibo (Duplicate Thsrs) 



Minimum Effective Concen¬ 
trations jig ./ml. 

Activity ratio 

Organism 

Polymyxin 
(as 77% pure) 

“AcrOSporin” 
(as 79°o pure) 

Polymyxin/ 

“Aerosporin” 

A. aerogenes (S-l) 

2, 2 

8,2 

4,1 

B. abortus (19) 

16, 16 

32, 16 

2,1 

E. typhosa (H) 

0.5, 1 

0.5, 1 

1,1 

E. colt (M) 

1,2 

1,2 

1,1 

K. pneumoniae (AD) 

i, i 

1,2 

1,2 

P. multocida (310) 

i, i 

1, 1 

1, 1 

Ps. aeruginosa (CM) 

4,4 

2,4 

0.5, 1 

Sal . enterilidis (149) 

4,8 

1,4 

0.25, 0.5 

Sal. paratyphi (S-l) 

0.5, 0.5 

0.5, 0.5 

1,1 

Sal. pullormn (IT) 

1, 1 

4,4 

; 4,4 

Sal. schottmuelleri (M) 

2, 1 

2,2 

! 12 

Sh. Jlexner (5733) 

0.5, 1 

1, 1 

2,1 

Sir . gdlimrum (469) 

1, 1 

1, 1 

1,1 

Sh. schmitz (161) 

0.5, 0.5 

1, 2 

2,4 

Sh. shiga (111) 

1, 1 

1, 1 

1,1 

Sh. sonnei (151) 

0.5, 0.5 

1, 1 

2,2 

Pneumococcus SVI 

>64, >64 

>64, >64 


Staphylococcus 344 

>64, >64 

>64, >64 

_ 

Streptococcus C203 

>64, >64 

>64, >64 

— 

Streptococcus B 

>64, >64 

>64, >64 

— 


Method. Agar dilution spot plate. 

Medium: 2% blood infusion agar containing serial two fold dilutions of drugs. 

Inoculum: One drop of 10“ l dilution of 20 hour broth cultures; 20 species tested on each plate. 

Incubation: 24 hours at 37°C. 

evidence in support of the view that the two antibiotics have the same 
antibacterial spectrum. 
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Relative Activity in Agar Diffusion Tests. As shown in tables 1 and 2 and 
in figure 1, when tested by the broth dilution or by the agar dilution 
method, polymyxin and “Aerosporin” were equally active against the M 
strain of E. coli. When the antibiotics were compared against the same 
strain by means of an agar diffusion method, 3 an apparent difference in 
their activity was noted. With this method, the comparison was made by 
placing filter paper discs, saturated with various concentrations of each 
antibiotic, on agar plates seeded with E. coli. On a weight-for-weight 
basis, about three times as much “Aerosporin” as polymyxin was consis¬ 
tently needed to produce a given size of inhibition zone. Since the error of 
this particular method is approximately dt 15 per cent, the observed differ¬ 
ence in behavior of the two substances was considered to be significant. 


Tvble 3 

Bactericidal Activity or Polymyxin and “Alrosporin’' 


Drug in tesl 
mixture 


Cone, jug /ml 
in subculture 
plate 


Colony counts per 0 2 ml. ol test mixture 


Initial 


Polymyxin 
I 10 min | 


20 min 


u 

Initial 


Aerospoiin 
I 10 min I 


i) 

20 min. 


6 4 
3.2 
1.6 
0.8 
0.4 
0.2 
0.1 
0.05 
0 


.04 

02 

01 

.005 

0025 

.0013 

.0006 

.0003 

0 


15 

0 

47 

0 

70 

1 

83 

7 

71 

36 

76 

56 

79 

83 

78 

85 

64 

70 


0 

0 

0 

5 

21 

48 

76 

71 

85 


49 

84 
69 

85 
66 
53 
77 

69 

70 


0 

3 

10 

49 

68 

76 

80 

70 

65 


0 

0 

0 

12 

59 

75 

87 

68 

90 


Organism: Klebsiella pneumoniae strain AD 

Medium. Tiypticasc soy broth: serial two-told dilutions of each drug in 1 ml. volumes of broth. 

Inoculum: l ml. of 10"® dilution of 20-hour broth cultute. 

Tcmpcratuie- V7°C. 

Subculture 0 2 ml. samples of cat h mivtuie plated in infusion agar nt intervals of time indicated below. 
Colonies counted aftei 21 horns intubation 


This apparent difference in the activity of polymyxin and “Aerosporin” 
may be due to the effect of different impurities on the diffusibility of active 
materials or, more probably, it may reilect a real difference in diffusibility 
of the active materials per sc 

Bactericidal Action. The antibacterial action of polymyxin and “Aero¬ 
sporin” is primarily bactericidal. This is readily demonstrated by the 
fact that viable cells cannot be subcultured from tubes which show no growth 
in the ordinary broth dilution test with these drugs. In addition, when large 
inocula (10 () bacilli, or more) were plated in agar containing either drug, 
the absence of viable cells was repeatedly demonstrated by the failure to 
obtain growth when portions of the seeded agar were transplanted to broth. 
In these tests, the time of exposure of bacilli to drug was usually about 
24 hours. 

Results of an experiment which illustrates the rapidity of the lethal 
action of polymyxin or “Aerosporin” on the AD strain of Klebsiella pneu- 
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momae are given in table 3. In these experiments, relatively small numbers 
of bacilli were exposed to the drugs in order to make it possible to carry out 
plate counts at short intervals. It is evident from these results that test 
mixtures containing about 60 to 70 bacilli were sterilized within 20 minutes 
by 1.6 Mg- of either polymyxin or “Aerosporin” per ml. This type of experi¬ 
ment was repeated several times with similar results. 

Bacteriolytic Action . In the course of tests to determine the relative 
speed of bactericidal action of polymyxin and streptomycin, it was noted 
that turbid suspensions of bacteria in polymyxin partially cleared, while 
those in streptomycin did not. This was further investigated by measuring 
the turbidity of suspensions of various organisms exposed to polymyxin, 
“Aerosporin,” or streptomycin, for various periods of time and under various 


Table 4 

Bacteriolytic Action oi Polymyxin and “Aerosporin” at 41 °C 




Turbidity readings 


Time (minutes) 

Polymyxin 




“Aerosporin” 

Streptomycin 

Control 


64 Mg'/nil. 

i 64 Mg-/ml 

2500/zg-/nil. 

(buffer) 

0 

33 

33 

33 

32 

15 

24 

34 

33 

33 

30 

19 

30 

34 

34 

45 

18 

28 

34 

34 

60 

17 

26 

33 

33 

90 

16 

24 

33 

33 

120 

17 

22 

33 

35 

150 

16 

21 

32 

33 

180 

15 

20 

32 

33 

Decrease in Turbidity 

55% 

40% 

0 

0 


Test Mixtures 5 ml of 128 /*g /ml (5000 Mg streptomycin) of buffer solutions of antibiotics plus 5 ml of 
6-hour Trypticase soy broth culture of E colt (M) 

Turbidity Readings Libbey photonreflectrometer, instrument setting air at 23 5, di‘t water at zero, 
glass standard at 37 

conditions. Typical results are given in table 4. It is apparent that, 
under exposure to polymyxin, the initial turbidity of the cell suspension 
rapidly decreased to a maximum of about 50 per cent. A similar decrease in 
turbidity was produced by “Aerosporin,” while streptomycin failed to 
cause any change. This has been confirmed many times, with a variety 
of gram-negative strains, over a pH range of 6 to 8, a temperature range of 
4 to 41°C., and in various suspending media, including agar. Heat-killed 
cells were not lysed by the drugs. Electron micrographs indicated that 
polymyxin-exposed cells become much less dense than normal cells. 

Cross-Resistance . The relative sensitivity to polymyxin and “Aero¬ 
sporin” of parent and polymyxin-resistant strains of Pseudomonas aeru¬ 
ginosa and Klebsiella pneumoniae was investigated by use of the broth 
dilution method. In these tests, replicate series of two-fold dilutions of 
each drug were made in 1-ml. volumes of Trypticase soy broth. The 
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inoculum for each tube of each series consisted of 0.2 ml. of a 10~ 2 broth 
dilution of a 22-hour broth culture of the appropriate strain. After 48 
hours’ incubation at 37°C., activity endpoints were taken as the smallest 
concentrations required for complete inhibition of growth. 

Results of these tests are given in table 5. It is evident that, within 
the limits of error of the method, the parent strains were equally s ens itive 
to polymyxin and “Aerosporin.” It is also evident that the polymyxin- 
resistant strains were similarly resistant to both antibiotics. These results 
indicate that polymyxin and “Aerosporin” are closely related, if not identi¬ 
cal, substances with the same antibacterial mechanism of action. 

Bactenal Resistance . In previous studies, 1 the relative incidence of var¬ 
iants resistant to either polymyxin or streptomycin was determined by 
seeding agar plates, containing drug, with large cell populations of various 
gram-negative strains. Under these conditions it was found that variants 

T4BLE 5 

Rjlative Sensitivity to Polymyxin and “Ai rosporin” of Parent 
AND POLYMYXIN-RESISTANl STRAINS 


Polymyxin “Aero&porm” 


Strain 

MEC 
A*g /ml. 

Sensitivity 
resistant strain 
parent strain 

1 

fto i 

Sensitivity 
resistant strain 
parent strain 

Ps . aeruginosa (parent) 

4 

— 

l 

_ 

Ps. aeruginosa (resistant) 

2048 

512 

256 

256 

K. pneumoniae (parent) 

0 5 

— 

0.5 

— 

K. pneumoniae (resistant # 1) 

256 

512 

512 

1024 

K. pneumoniae (resistant # 2) 

512 

1024 

3024 

2048 


M E C *• Minimum effective concentration. 


resistant to polymyxin could not be selected out of cell populations as large 
as 140 billion, while strains which were completely resistant to streptomycin 
could readily be obtained from relatively small populations of cells. 

A preliminary comparison of this kind was made with polymyxin and 
“Aerosporin” by seeding seven billion typhoid bacilli (Hopkins strain), 
as determined by plate counts, into each of twenty agar pour plates; ten 
of these plates contained 10 y.g. of polymyxin per ml. of agar and the re¬ 
maining plates contained an equivalent concentration of “Aerosporin.” 
Thus, 70 X 10^ bacilli were exposed to a concentration of 10 fxg.J ml. in the 
case of each antibiotic. No resistant colonies appeared on any plate. 
This result confirms the previous finding that large populations of typhoid 
bacilli are free of variants resistant to polymyxin, as well as indicating that 
“Aerosporin” resembles polymyxin in this respect. 

Experimental Infections 

The relative effectiveness of polymyxin and “Aerosporin” was investigated 
in experimental infections produced by strains of Pasteurella multocida, 
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Klebsiella pneumoniae , and Haemophilus peitussis in mice. Experimental 
procedure is illustrated by tables 6 and 7, which give details of comparisons 
made with the Pasteurella infection. 

Preliminary results with this infection (iable 6) indicated that poly¬ 
myxin was slightly less active than “Aeiosporm” on a dose-for-dose basis. 
Quantitative evaluation of the data, based on dose-effect curve parameters, 
however, showed that the difference observed could not be considered 
significant. In a more elaborate experiment (rvBin 7), the activity of 


Table 6 

A Comparison or Polymyxin and “Afrosporin” in a Pattern clla Intiction in Mice 

(Experiment &1) 




Survival on 21st da\ aftei infection 


Dosage 


Polymyxin 


< 

‘Acrosponn” 

mg /kg 

No alive 

Pu cent 

Survival 

No alive 

Per cent 

burviv al 


No. tested 

survival 

time* 

No tested 

survival 

time * 

6 4 

10/10 

100 


10 10 

100 


3 2 

10/ to 

100 

- 

10/10 

100 


1 6 

9/10 

90 

1 0 

10/10 

100 

— 

0 8 

7/10 

70 

1 0 

9/10 

90 

1 0 

0 4 

0/10 

0 

1 0 

2/10 

20 

1 0 

0 2 

0/10 

0 

1 0 

0/10 

0 1 

1 0 


Dose-eflcct curve paiamelcisf 


Median suivival dose 


Slope function (b) 


Pol} my\in 
Verospoun” 


0 60 (0 32—1 14) mg /kg 
0 53 (0 30-0 73) mg /kg 


2 l (1 1-4 2) 
1 4 (1 1-1 8) 


\< tivit} ratio 


“Aerosporin” 

Pol}imxin 


1 (0.6 2 3) 


OiRimsm Pa\tinnlla n utlO(ii/n sti tin HO 
Mire \andtiwtrkcp, 21) /laras 

Infection IntiJjx ritonc il, 0 S ml oi 10 r oM hout tulluri 700 1( Lli il do is 

'hcitnunt Subcutaneous, ont do c only 0 2 ml columts of dniK solution-> pH (> 1 idmun (<itd im 
nudwittlv ilt< r infection 

* Mean urvival time, m tins, for mi<< tint dud 
1 Values m parentheses mdn ill 10 20 (onhdtmc limit-. 


l ‘Aerosporin” was found to lie between 1.1 and 1 6 times the activity of 
polymyxin, for odds of 1 9 to 1. 

Results of similar quantitative comparisons of the two antibiotics in 
Klebsiella and Haemophilus pertussis infections are summarized in table 8. 
It is evident that the activity of “Aerosporin” in the Klebsiella infection 
lies between equivalence of and 2,7 times the activity of polymyxin, for 
odds of 19tol. 

With respect to the II. pertussis infection, it is apparent that “Aero- 
sporin” was somewhat more effective on a dosage basis. In our hands, 
however, this particular infection has not been a satisfactory experimental 



Table 7 

A Comparison of Pomymyxin and “Aerosporin” in a Pasteurell a Intection in Mice 

(Experiment #2) 


Survival on 21st day after infection 


Dosage 
mg /kg. 


Polymyxin 


“Aerosporin” 




No. alive 



No alive 

Per cent 

Survival 

Per cent 

Survival 


No tested 

suivival 

time* 

No. tested 

survival 

time'*' 

2.4 

20/20 

100 

_ 

_ 

_ 

_ 

1.8 

20/20 

100 

— 

20/20 

100 

— 

1.4 

15/20 

75 

4.0 

19/20 

95 

2.0 

1 0 

14/20 

70 

2 0 

15/20 

75 

3.0 

0 75 

13/20 

65 

2.0 

9/20 

45 

2.0 

0 56 

3/20 

15 

1 9 

13/20 

65 

2.0 

0 42 

2/20 

10 

1.8 

6/20 

30 

1.9 

0 32 

— 

— 

— 

2/20 

10 

1.7 



Dosc-cffcct curve parameters 1 * 


Median survival dose 

Slope function (S) 

Polymyxin 

“Aciosporin” 

0.78 (0.68-0.90) mg./kg. 

0.59 (0.51-0.69) mg-Ag- 

1.5 (1.3-1.7) 

1.7 (1.4-1.9) 




Organism: Pasteur clla multocida; strain 310. 

Mice: Vandcrwerken, 19-23 grams. ,«*..**• j 

Infection Intmpentoneal; 0 5 ml. of 10~« of 5-hour culture; 600 lethal doses. 

Treatment: Subcutaneous; one dose only; 0.2 ml. volumes of drug solutions at pH 6.4 administered im¬ 
mediately after infection. # 


eaiaceiy attcr »mauuu. . , 

* Mean survival time, in days, for mice that died, 
t Values in parentheses indicate 19/20 confidence limits. 


Table 8 

Relative Activity of Polymyxin and “Aerosporin* * in Experimental Infections in 

Mice (Summary) _ 


Tnlection 

Test 

Median effective dose 
mg./kg. 

Relative activity 

No. 

- 

^ * 

Poly¬ 

myxin 



Polymyxin 

“Aerosporin” 

“Aerosporin” 

Pasteur ell a 

1 

.60(.32-1.1) 

.53(.39-.73) 

1.0 

1.1( .6-2.3) 

multocida 

Pasteurella 

2 

.78( 68- .90) 

,59(.51-.69) 

1.0 

1.3(1.1-1.6) 

multot ida 






Klebsiella 

3 

.52(.43- .62) 

.35(.24-.50) 

1.0 

1.5(1.0-2.2) 

pneu¬ 

moniae 

Klebsiella 

4 

.66(.57- .76) 

.28(.25—.32) 

1.0 

2.4(1.9-2.7) 

pneu¬ 

moniae 

Klebsiella 

5 

.50(.4D- .63) 

.26(.21-.33) 

1.0 

1.9(1.4-2.6) 

pneu¬ 

moniae 






Haemophilus 

6 

21 (12-37) 

6 (4-10) 

1.0 

3.5(1.6-7.5) 

pertussis 







Figures in parentheses indicate 19/20 confidence limits. 
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device for quantitative comparisons, since the dose-effect curves were 
rather flat and carried wide limits of error- This is reflected in the wide 

Table 9 

Rllative Acute Toxicity or Polymyxin \nd “Atrosporin” ior Mice 



Dose 
mg /kg. 

Polymyxin 

4 Aciosporm” 

Route 

No. dead 
No. tested 

Per cent 
moi lalit> 

No dead 
No tested 

Ter cent 
moiUlit\ 

Intraperitoneal 

140 

10/10 

100 

— 

— 

100 

19/20 

95 

— 

— 


75 

9/20 

45 

— 

— 


56 

0/10 

0 

10/10 

100 


42 

0/10 

0 

1V20 

65 


32 

— 

— 

3/20 

15 


24 

— 

— 

0/10 

0 


18 

— 


0/10 

0 

ID.^i (19/20 confidence limits) 

77 (70-85) mg /kg 

39 (35-44) mg Ag 

Intravenous 

24 

10/10 

100 

_ 

_ 


18 

11/20 

55 

— 

— 


14 

2/20 

10 

10/10 

100 


10 

0/10 

0 

15/20 

75 


7 5 

0/10 

0 

4/20 

20 


5.6 

— 

— 

0/10 

0 


4.2 

— 

— 

0/10 

0 

L.D-so (19/20 confidence limits) 

18 (16-20) mg /kg. 

8.7 (8 0-9 5) mg./kg 

Subcutaneous 

560 

10/10 

100 

— 

_ 


420 

19/20 

95 

— 

— 


320 

15/20 

75 

— 

— 


240 

12/20 

60 

10/10 

100 


180 

4/20 

20 

19/20 

95 


140 

1/10 

10 

20/20 

100 


100 

— 

— 

18/19 

95 


75 

— 

— 

12/19 

(xi 


56 

— 

— 

2/10 

20 

L I).oo (19/20 confidence limits) 

230 (200-260) mg./kg. 

68 (61—76) mg /kg. 


Table 10 

Relative Acute Toxicity or Polymyxin and “Aerosporin” for Mice (Summary) 


Route 

M ° d m n g 1C /li al d0Se 'Relative toxicity 

Polymyxin 

“Aerosporin” “Aerosporin” 

Intravenous 

Intraperitoneal 

Subcutaneous 

18 (16-20) 

77 (70-85) 
230 (200-260) 

9 (8-10) 1.0 2,0 (1.9-2.3) 

39 (35-44) 1.0 2.0 (1.8-2.2) 

68 (61-76) 1.0 3.4 (2.8-4.1) 


I igures in parentheses indicate 19/20 confidence limits. 

margin of error around the mean activity ratio for “Aerosporin” and poly¬ 
myxin as shown in table 8. 





WHITE et al-s POLYMYXIN AND “AEROSPORIN” 889 

Relative Toxicity of Polymyxin and “Aerosporin” 

The relative lethal toxicity of polymyxin and “Aerosporin” when the 
drugs were administered by the intravenous, intraperitoneal, or subcutaneous 
routes was determined for Vanderwerken Swiss mice. The groups of mice 
on each drug were equivalent with respect to weight and sex. Each animal 
was weighed individually and dosed on a body weight basis. The quanti¬ 
tative comparison for each route of administration was based on dosage- 
mortality curves, derived from graded doses of each drug, with groups of 
ten or twenty mice per dose. Results of these experiments are shown in 
detail in table 9 and are summarized in table 10. 

Following intravenous or intraperitoneal administration, it is obvious 
that “Aerosporin” was twice as toxic as polymyxin on a dose-for-dosc 
basis. In the case of intravenous dosage, deaths with either drug occurred 
within five minutes after injection. After intraperitoneal doses, deaths 
occurred up to three hours after injection. 

When the drugs were given subcutaneously, “Aerosporin” was found to 
be from three to four times as lethal as polymyxin. Administration of 
either drug by this route was followed by deaths up to the sixth day. De¬ 
layed deaths occurred more frequently in the case of polymyxin and, in 
general, survival time was somewhat longer with this drug. 

Summary and Conclusions 

(1) Within the limits of error of the test methods employed, representative 
samples of polymyxin and “Aerosporin” were found to be essentially equiva¬ 
lent in their activity against a wide variety of gram-negative pathogens, 
in vitro . 

(2) Both antibiotics were rapidly bactericidal and both were bacteriolytic 
in their action against certain sensitive strains. 

(3) Polymyxin-resistant strains were equally resistant to “Aerosporin.” 

(4) On a weight-for-weight basis, polymyxin was about 30, 50, and 90 
per cent as effective as “Aerosporin” in experimental infections produced 
in mice by strains of Haemophilus pertussis , Klebsiella pneumoniae , and 
Pasleurella multocida , respectively. 

(5) Depending upon the route of administration in mice, “Aerosporin” 
was from two to three times as toxic as polymyxin. 

Since no qualitative difference in the biological activity of representative 
samples of polymyxin and “Aerosporin” could be demonstrated, it is con¬ 
cluded that these substances are closely related members of the polymyxin- 
type group of antibiotics. 

On the basis of all experimental data available, these closely related anti¬ 
biotic substances appear to be equivalent with respect to their potentialities 
as useful chemotherapeutic agents. 
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COMPARATIVE BIOLOGICAL STUDIES OF POLYMYXIN 
A AND POLYMYXIN D 


By George Brownlee, S. R. M. Bushby, and E. I. Short 
The Wellcome Physiological Research Laboratories , Beckenham , Kent, England 

Polymyxin A (‘Aerosporin’) is an antibiotic produced by a strain of 
Bacillus polymyxa , isolated from soil and air by Ainsworth, Brown, and 
Brownlee. 1 They noted its bactericidal action, its reluctance to produce 
resistant strains, and its chemotherapeutic activity in experimental animal 
infections due to Haemophilus pertussis , Eberthella iyphosa and Eschericha 
coli of human origin, and Brucella bronchiseptica and Eschericha coli of 
veterinary origin. Subsequently, Brownlee and Bushby 2 reported a com¬ 
prehensive chemotherapeutic and pharmacological study of polymyxin A, 
and Swift, 8 in a preliminary note, referred to its successful clinical applica¬ 
tion to pertussis. 

In the United States, Stansly, Shepherd, and White 4 independently de¬ 
scribed the isolation of polymyxin D (‘Polymyxin’) from the fermentation 
liquors of B. polymyxa and reported its antibacterial, chemotherapeutic, 
and pharmacological properties. Also independently came the report of 
the discovery of the antibacterial activities of crude liquors in which B. 
polymyxa was grown by Benedict and Langlykke. 5 

In an accompanying paper (Brownlee 6 ), there is reported an agreement 
between the workers involved on the revised nomenclature of antibiotics 
derived from B. polymyxa . The original “Aerosporin’ 1 ” 3 becomes poly¬ 
myxin A, and two new distinct entities, described at this conference, be¬ 
come B and C; ‘polymyxin’ of Stansly et al . 4 becomes polymyxin D. 

A comparison of the reports on polymyxin A and polymyxin D show the 
antibiotics to be similar, yet demonstrate several apparent differences. 
We have, therefore, welcomed the opportunity, made possible by the re¬ 
ceipt of 600 mg. of polymyxin from the Lederle Laboratories Division of the 
American Cyanamid Company, of making a comparative study of these 
two antibiotics. 

The polymyxin D hydrochloride (strain B.71, 1350 units per mg.) was 
67.5 per cent pure. Stansly et al . 4 ascribed an arbitrary potency of 2,000 
units per mg. to the pure salt. The polymyxin A hydrochloride specimens 
were of varying purity and are expressed in terms of “polymyxin A stand¬ 
ard 1947,” of 10,000 units per mg., a hydrochloride of ‘near’ chemical purity. 
The two units are, of course, unrelated. 

Antibacterial Activity . The minimum concentration of the two anti¬ 
biotics which inhibited the growth of a wide range of Gram-negative or¬ 
ganisms was measured on solid medium using inocula from 24-hour broth 
cultures. Dilution in saline of the antibiotics was first made in geometrical 
two-fold dilutions, at 10 times the final concentration. These dilutions 
were then mixed in 1.5 ml. quantities with 13.5 mL of nutrient agar con- 

891 
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taming 0.5 per cent fresh horse blood, at 50°C., and then poured into 9 
cm. Petri dishes. The plates when set were dried in an incubator at 37°C. 
for one hour and then inoculated with the test organisms. Inoculation 
with a straight wire was of single streaks of undiluted culture, thus enabling 
17 organisms to be observed on the same plate. The spreading growths of 
Ps. aeruginosa and P. udgaris were compared in tubes. 

The activity of polymyxin D hydrochloride (strain B.71) was compared 
in this way with 5 different batches of polymyxin A hydrochloride. Two 
of them, P. 14 and TC 3, were early batches prepared some 12 months pre¬ 
viously and both of 9 per cent purity. Batch 245 P 47 of 70 per cent purity 



and batch 208 P 47 of 100 per cent purity were recent, and 244 P 47 was 
a formaldehyde-bisulfite complex of 30 percent purity calculated as hydro¬ 
chloride. 

The results (figure 1) show polymyxin D and polymyxin A (“Aero- 
sporin”) to be similar, since the errors introduced by the test appear to be 
responsible for as much variation between the samples of polymyxin A as 
between any one of them and polymyxin D. 

The close similarity between tie antibiotics is not sustained when a 
comparison is made using small inocula. Brownlee and Bushby 2 showed 
the activity of polymyxin A against E. typhosa to depend upon the number 
of orga n i sms exposed; polymyxin D differs in being less affected by the size 
of inoculum. The effect of varying the inocula of E. typhosa from 10 2 
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to 10 s organisms in 5 ml. of nutrient broth with 4 samples of polymyxin A 
and polymyxin D (strain B. 71) is shown in figure 2. 

Both polymyxin A and polymyxin D may be assayed only by biological 
methods. The agar-cup penetration method has not proved satisfactory 
for accurate estimates of polymyxin A, for which purpose a serial dilution 
method using a sensitive organism is preferred. For the purpose of assay, 
the standard of reference is ^polymyxin A Standard 1947” containing 10,000 
units per mg. Attempts to define the activity of polymyxin D in terms of 
polymyxin A are defeated by the different behavior in sensitivity of the two 
substances to inoculum size. With small inocula of E. typhosa, polymyxin 
D has approximately 1000 polymyxin A units per mg., and with large 
inocula of E. coli 5000 polymyxin A units per mg. 

In vivo Activity . Polymyxin A gives good protection to mice infected 
intracerebrally with mouse-passaged E. pertussis. This activity has been 
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Figure 2. A comparison of the minimal concentrations in liquid media of one sample of polymyxin D 
(Strain B. 71 Lederle) and four samples of polymyxin A (‘Aerosporin’) required to inhibit varying numbers 
of E. typho$a. With large numbers of organisms the effects are similar, while with small numbers of organ¬ 
isms polymyxin A may be 2.5 to 10 times more active. 

compared with that afforded by polymyxin D. Groups of mice (Schofield) 
infected with 0.05 ml. broth suspension containing 10 7 organisms from a 
48-hour culture on Bordet-Gengou medium and consisting approximately 
of 10,000 average lethal doses, die within 4-7 days. Polymyxin A and 
polymyxin D were administered immediately after injection and again 
six hours later, and on the following two days by doses administered at 
9:30 a.m. and 5:30 p.m. The results of these experiments covering a 
period of 15 days are shown in table 1 , where daily survivors are recorded. 

Both drugs are seen to give protection, but, weight for weight, 10 times 
as much polymyxin D hydrochloride (strain B. 71) is required to protect 
as effectively as polymyxin A, or 6.75 times as much when corrected for 
“pure” polymyxin A of 2000 units per mg. 

Both antibiotics give excellent protection to mice infected with E. typhosa . 
Mice infected intraperitoneally with 1,000 lethal doses of E. typhosa sus¬ 
pended in 0.5 ml. 5 per cent mucin were treated immediately, 6 hours later, 
and twice daily for the following 3 days with subcutaneous injections of 
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varying doses of the antibiotics. The results of these experiments covering 
a period of 7 days are shown in table 2. 

In this experiment, about twice as much polymyxin D (1350 u./mg.) 
appears to be required to afford the same degree of protection as pure 
polymyxin A. 

Table 1 

A Comparison’ oe Polymyxin A and D in Mice Infected with 10,000 Lethal Doses 

of H. pertussis 

(Antibiotics given parenterally twice daily for 3 days) 


Drug 

1 

Dose 

mg. 

i 

No. of 
doses 

No. of 
mice | 

No. mice surviving on 
day 

Average 
survival 
rate, days 

3 

6 

9 

12 

15 

Polymyxin A 

0.05 

, 

6 

! 

15 1 

15 

14 1 

14 

13 

13 

13.8 

10,000 u./ mg.*' 

0.025 

1 6 

14 

14 

i 

12 

12 

9 

6 

11.4 

Polymyxin D 

0.5 


16 

! 16 

16 

16 

14 

14 

14.2 


0.2 


14 

! 14 

13 

9 

7 

5 

10.3 

1350 u./mg.f 

0.1 


15 

15 

14 

9 

6 

5 

9.8 

Lethal controls 

— | — 

14 

14 

8 

■ 

- ! 

j - 

- 

4.7 


* 10,000 units assumed “pure” (Brownlee and Bushbya). 
f 1,350 units 67.5 per cent “pure” (Stansly ei al*). 


Table 2 

A Comparison op Polymyxin A and D in Mice Infected with 1,000 Lethal Doses 

of E. typhosa 

(Antibiotics given parenterally twice daily for 3 days) 


Drug 

Dose 

mg. 

i 

No. of j 
organisms 

i 

No. of 
mice 

No. mice surviv¬ 
ing on day 

Average 
survival 
rate days 

1 

1 3 

5 

7 

Polymyxin A 

0.1 

S X 10 7 i 

18 

17 

17 1 

17 i 

17 

6.6 

10,000 u./mg.* 

0.05 

5 X 10 7 

18 

9 

9 

9 

8 

3.4 

Polymyxin D 

0.3 

5 X 10 7 

12 

12 

12 

11 

11 

6.9 

1,350 u./mg.f 

0.15 

5 X 10 7 

12 

12 

9 

9 

9 

5.6 

Lethal controls 


5 X 10 7 

18 

1 

0 

_ 

_ 

0.0 



5 X 10® 

6 

4 

0 

— 

— 

1.0 


1 

1 

5 X 10 4 

6 

3 

3 

3 

3 

3.5 


* 10,000 units assumed “pure” (Brownlee and Bushby*). 
11,350 units 67.5 per cent “pure” (Stansly ei al.*). 


Groups of mice, infected intraperitoneally with 10,000 and 1,000 lethal 
doses of K. pneumoniae , suspended in 0.5 ml. 5 per cent mucin, were 
treated immediately, 6 hours later, and twice daily for the following 3 days 
with subcutaneous injections of varying doses of the antibiotics. Details 
are shown in table 3. Again, as in the case of the typhoid experiment, 
about twice the equivalent of pure polymyxin appears to be required to 
afford the same degree of protection as pure polymyxin A. 
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Toxicity . The intravenous acute LD 50 of polymyxin A, derived graphi¬ 
cally from two groups of 10 mice, is 6.14 mg. per kg., and that of polymyxin 
D estimated simultaneously, 18.0 mg. per kg. The toxic signs of the two 
drugs also differ significantly. With lethal doses of polymyxin A, death 
occurs from respiratory failure in less than two minutes, and with near- 
lethal doses there are clonic convulsions followed by curare-like paralysis, 
associated with marked respiratory embarrassment and cyanosis, but the 
animals recover within ten minutes. With polymyxin D, recovery from 
near-lethal doses may take 30 minutes or longer, and the paralysis is absent. 
Death is also delayed, sometimes as much as 30 min utes. 

All samples of polymyxin A, irrespective of purity, cause temporary 

Table 3 

A Comparison op Polymyxin A and D in Mice Infected with 10,000 and 1,000 
Lethal Doses of K . pneumoniae 
(Antibiotics given parenterally for 3 days) 


1 

Drug 

Dose 

mg. 

1 

No. of 
organisms 

No. of 
mice 

No. mice surviv¬ 
ing on day 

Average 

survival 


1 1 

1 

3 

: 

5 ! 

‘ 

1 7 

rate days 

Polymyxin A 

0.1 ; 

5 X 10 8 

6 

, 

5 

1 

1 

1 

1.8 


5 X 10 7 

6 

5 

2 

2 ! 

1 

3.8 

10,000 u/mg. + 

0 . 0 s 1 

5 X 10 8 

6 

6 

3 

3 

3 

4.0 

t 

5 X 10 7 

6 

6 

3 

3 

! 3 

4.0 

Polymyxin D 

0.3 1 

5 X 10 8 

6 

6 

2 i 

1 

1 

2.5 

1 

1 5 X 10 7 

6 

6 

2 1 

2 

2 

3.3 

1,350 u/mg.f 

0.15 

5 X 10 8 

6 

6 

1 1 

1 

1 

2.5 


5 X 10 7 


6 

3 

3 

2 

2.5 

Lethal controls 


5 X 10 8 

6 

0 

_ 

_ 

_ 




5 X 10 7 

6 ! 

0 

— 1 

i — 

— 

0.0 



5 X 10 8 

6 

2 

2 

2 

! 2 




5 X 10 4 

6 

4 

1 

4 1 

4 

! 4 

| 5.0 


• 10,000 units assumed “pure” (Brownlee and Busliby 2 ). 
1 1,350 units 67.5 per cent “pure” (Stansly et al.*). 


oliguria in hydrated rats, when given in large doses. This antidiuretic 
effect is also produced by polymyxin D. The renal tubular damaging fac¬ 
tor, which causes a transitory proteinuria, and which contaminates most 
samples of polymyxin A, was also present in polymyxin D. 

Conclusions 

A comparison of the biological properties of polymyxin D (Strain B. 71) 
and several preparations of polymyxin A of widely differing potencies show 
some similarities and several differences. 

A side-by-side comparison of their antibacterial spectra shows a similar¬ 
ity within the limits of the method; polymyxin D appears to have about 
half the intrinsic potency of polymyxin A. 

The similarity breaks down when a comparison of antibacterial activity 
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is made with small inocula. The activity of polymyxin A varies with in- 
ocula; polymyxin D is similarly, but less affected. 

These differences defeat attempts to define polymyxin D in terms of 
polymyxin A. With small inocula, polymyxin D has about one-tenth the 
activity of polymyxin A; with large inocula, about-one half. 

Both antibiotics protect mice from many lethal doses of H. pertussis . 
Polymyxin A is about seven times as effective as polymyxin D. 

Compared by their capacity to protect mice against many lethal doses 
of E. typhosa , or K . pneumoniae , polymyxin A is about twice as effective as 
polymyxin D. 

In acute experiments, polymyxin D has one-third the acute toxicity of 
polymyxin A. Moreover, the toxic signs are characteristic for both drugs. 
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CHEMICAL STUDIES ON POLYMYXIN: COMPARISON 
WITH “AEROSPORIN”* 

By P. H. Beil, J. F. Bone, J. P. English, C. E. Fellows, K. S. Howard, 
M. M. Rogers, R. G. Shepherd, and R. Winterbottom 

Chemotherapy Division, Stamford Research Laboratories , American Cyanamid Company , 

Stamford, Connecticut 

and A. C. Dorxbush, S. Ktjshner, and Y. SubbaRow 

Lederle Laboratories Division, American Cyanamid Company, Pearl River, N. Y. 

This paper is a preliminary report on the chemistry of polymyxinf and 
its degradation products. “Aerosporin” 1 has been compared with particu¬ 
lar samples of polymyxin 2 - 3 at a number of points of this study and the 
results of this comparison are included. 

The work is divided into two main phases. The first of these is the study 
of the homogeneity of these samples of polymyxin. The second is the ex¬ 
amination of the chemistry of polymyxin and the determination of its 
constituent parts. 

In studying the purity of this chemotherapeutic agent, three problems 
arise immediately. Is there more than one biologically active component? 
If so, can the mixture be separated? Having a material pure by bioassay, 
can chemically pure material be prepared? Affirmative answers can be 
returned to the first two questions, while the third must be left unanswered 
for lack of information. 

As received from production, 2 ’ 8 polymyxin is in the form of a hydro¬ 
chloride. It is a nearly colorless powder which assays, in Stamford units, 4 
about 1500 units per milligram and melts with decomposition at 228-230°C. 
(varying with rate of heating and degree of hydration). It is veiy soluble 
(more than 40 per cent) in water and methanol, and the solubility decreases 
in higher alcohols. It is levorotatory (af = —40° (C = 1.05 in water)). 
It is insoluble in ethers, esters, ketones, hydrocarbons, and the chlorinated 
solvents. The birefringent base may be precipitated from concentrated 
aqueous solutions of the hydrochloride by saturation with ammonia. 
This form is slightly soluble in water and almost insoluble in alcohol, and 
decomposes at a higher temperature and over a range. 

The material forms water-insoluble salts with a number of precipitants 
such as picric acid, helianthic add, Reinecke salt, and the like. None of 
these was of a nature to permit their purification by conventional fractiona¬ 
tion procedures such as crystallization or pretipitation and, except for 
certain analytical purposes, they were without value for a study of the 
purity of the material. 

It was found that the material was distributed between water and those 

* “Aerosporin” is the trademark of Burroughs Wellcome Ltd. for an antibiotic from B. polymyxa.i 

I 1 Polymyxin is the generic term for the antibiotics (first isolated from B. polymyxa culture filtrates) 
which have closely related biological 4 and chemical characteristics (described herein). 
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water-immiscible alcohols which dissolve water, and that the amount which 
enters the non-aqueous phase is in direct proportion to the amount of water 
dissolved therein. Other solvents did not extract the activity. The dis¬ 
tribution coefficient is inversely proportional to the salt concentration of 
the aqueous phase and to the pH. 

In using bioassay values for the calculation of distribution coefficients, 
exact values are not obtainable. The agar-diffusion assay method which 
has been used has an estimated error of d= 15 per cent. This means that a 
true distribution coefficient of 1 could have experimentally determined 
values of 1 =fc 0.2. Table 1 presents the distribution coefficient of polymyxin 
as determined in three solvent systems and values for “Aerosporin” in two 
of these. 

It is dear that the polymyxin examined and “Aerosporin” differ signifi¬ 
cantly in this property. It is quite possible that such determinations would 
permit the ready differentiation of the two materials when carried out di- 


Table 1 

Distribution Coefficients 
(Concentration aq. phase/Concentration non-aq. phase) 


n-BuOH + 

Polymyxin 

“Aerosporin” 

pH 5 SS buffer* 

13 -14 , 

, 83 

pH 5 SS buffer* + 5% NaCl 

1.5- 1.8 | 

6-7 

pH 2 SS buffer* 

40 i 

1 


*0.015 M Sulfosucdnate. 


rectly on fermentation liquor. Such studies also lay the groundwork for 
partition chromatography and countercurrent distribution studies. 

Partition chromatography was first applied to the material. In these 
studies, Hyflo Supercel has been used as the support for the aqueous phase 
(0.65-0.75 cc. of buffer per gram of support) as it does not adsorb poly¬ 
myxin under these conditions and can be obtained in large uniform batches 
more conveniently than can the silica gel of the original publications. 5 
A comparison of polymyxin and “Aerosporin,” using equal weights of each 
on two columns prepared in the same way, is shown in figure 1. 

Two facts are revealed by these curves. The first is that polymyxin is 
made up of more than one active material. The second is that “Aero¬ 
sporin” is not identical with the main body of the polym yxin That it is 
not the same as the trailing material is shown by the fact that the isolated 
material from the tail of the polymyxin curve assays 1800-1900 units per 
mg. versus the calculated 600 Stamford units per mg. 5 of pure “Aerosporin”. 
The essential difference of polymyxin and “Aerosporin” is also borne out by 
paper chromatography of the two materials when the i? f 7 values of the 
antibacterial activity were obtained. In obtaining these results, the strips 
were dried after development, placed briefly on long E. coli -seeded agar 
plates and removed. This last operation minimizes diffusion 0 f the active 
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material due to wetting the paper in this operation, thereby giving smaller 
zones of inhibition. 

A similar method has also been used in reducing the labor involved in 
assaying the large number of cuts collected in the course of the chromato¬ 
graphic work. Each cut is spotted on a strip on filter paper, using a melt¬ 
ing point capillary to deliver the sample. Dilutions of a standard are also 
spotted on strips and all the strips are plated as above, without, however, 
removing the strips. Using this method, it is possible to make thirty 
assays in duplicate on a plate 115 x 280 mm. 

Figure 2 shows the results of the partition chromatography of a larger 
amount of polymyxin in the same system and on a larger column. The 
inhomogeneity is quite clear, and the first question as to the presence of 



Figuse 1. Partition Chromatograph. n-BuOH-pH* 0.015 M Sulfosucdnatc Buffer on Hyflo. 

more than one active component has been answered affirmatively. The 
question as to the bioassay purity of the material in the main peak was 
shown by quantitative isolation of the active substance and its rechro¬ 
matography as presented in figure 3. This shows that the more slowly 
moving activities of figure 2 have been eliminated by the chromatographic 
treatment and, by comparison with columns on a similar scale, that the 
material behaves as does the main peak originally. 

Further confirmation of the bioassay purity of the main peak material 
from figure 2 is obtained by an examination of the material by counter- 
current distribution by the method of Craig. 8 The results of such a dis¬ 
tribution are shown in figure 4, which shows the fraction of the total 
antibacterial activity in each tube. The calculated curve, within experi¬ 
mental error, fits the experimental curve. The great disparity in volumes 
of the two phases used was made necessary by the desire to have an effec- 



900 AXXALS XE1Y YORK ACADEMY OF-SCIENCES 

tive distribution coefficient of about 1 without using large quantities of 
salt, which interfere with both the assay 9 and isolation procedures. 

The reality of the material occurring at 250-500 cc. in figure 2 and its 
difference from the main peak is shown by its countercurrent distribution 
in the same system as that of figure 4. This is illustrated in figure 5, 



Figure 2. Partition Chromatography-Polymy\in. Hyflo Column (167). BuOH* pHa Buffer System % 
Recovery 91%. 


AGTY 

U/ee 



Figure 3. Repetition of Partition Chromatography on Main Peak—Column 167. BuOR- pHj Buffer. 
Hyflo Column. 92% Recovery. 

revealing the different nature of the material. Rechromalography of this 
material confirms this conclusion. Unpublished data on countercurrent 
distribution of this sample of polymyxin also show the presence of such high- 
partition-coefficient activity. 

At present, there is no information as to the chemical purity of the 
bioassay pure polymyxin fraction. Work is under way on this aspect of 
the problem. 
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At the same time that these studies of the number and purity of the 
components of polymyxin were under way, an investigation of the chemis¬ 
try of 1500 unit per mg. material was begun. The pertinent findings of 
this investigation are summarized in table 2. 

The color reactions and the nature of the nitrogen in the substance early 
led to the conclusion that the material was a polypeptide. The agreement 
of total nitrogen values with the Van Slyke nitrogen after hydrolysis ex- 



Fi guile 4. Main Peak. Craig-Type Distribution. n-Bu0H:pH5 0.15 M Sulfosucdnate Buffer:: 16.5:1. 



eludes the nitrogen-heterocyclic amino acids and arginine from considera¬ 
tion. The lack of a characteristic ultraviolet spectrum rules out the 
presence of the aromatic amino acids. The absence of sulfur does not per¬ 
mit the presence of the sulfur-containing amino acids. The water and 
formol titrations, taken in conjunction with the chloride values, and the 
lack of ninhydrin carboxyl show that the material is basic in nature and 
without acidic function. That the molecule consists of about four of these 
units is shown by the molecular weight values. The Signer 10 value was 
determined in acetic acid using the free base and the osmometric value is by 
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a modified Baldes 11 method on the hydrochloride. The only assumption 
involved in the latter determination is that the hydrochloride is completely 
ionized. The helianthate value was calculated from the sulfur content of 
the salt, and the picrate value from the picric acid content as determined 
colorimetrically. The DXP (for 2,4-dinitrophenyl) value is the colorimet¬ 
ric equivalent weight of polymyxin which has been reacted with 2,4-dini- 
trofluorobenzene. 12 It is included here to show that there has been complete 
reaction with the basic groups. 


Table 2 

Analytical Properties op Polymyxin 


Base Equiv. Wt. on 

, | Per Cent Nitrogen 

( ! 

. I 1 

) Dumas Van Slyke 

Ninhy- 
drin CO 2 

Cl- 285 

Picrate 286 

Helianthate 277 

Water titr. 300 

Formol titr. 306 

DNP 276 

1 ' 

Intact j 15.0 5 (3 min.)-7 (30 min.) 

Hydrolyzed 15.8 (3 and 30 min.) 

j No ammonia on hydrolysis 

0 

ca. 10 

3 

Molecular Wt. (Base) 

1150 (Osmometer) “Aerosporin” 1293 (Osmometer) 

ca. 1000 (Signer) 


No characteristic UV spectrum, no sulfur, no alkovy, no ash. 
Positive ninhydrin and biuret, negative Sakaguchi. 


Table 3 

Fatty Acid Constituent 
HCl 

Polymyxin —>12.6% add (11.3% radical) 
(gravimetric) 


Analysis 

Add Calculated for CaH 18 02 : C, 68.4; H, 11.4 

Found 69.2 11.6 

Amide (m.p. 92-93 ) Calculated for C9H19NO: C, 68.9; H, 12.1 
Found 68.9 12.3 

With such knowledge of the molecule as a whole, attention was turned 
to the hydrolysis products. In addition to the nitrogenous products, 
there was present a nitrogen-free acidic substance. This was exhaustively 
extracted with petroleum ether and its properties are shown in table 3. 
The data are in fair agreement for the proposed nine carbon acid. Com¬ 
parison of the infrared absorption spectra of the acid, amide, and the methyl 
ester with pelargonic acid and derivatives 18 shows that the material is not 
this compound. “Aerosporin” also has such an acidic material. 

The residual hydrolysate was examined for the amino acids that the 
analytical data had indicated to be present. The relevant data are pre¬ 
sented in table 4. The presence of threonine and its orientation was 
recognized by microbiological assay. The a , y-diaminobutyric acid was 
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identified both by isolation and as the y-2 ,4-dinitrophenyl derivative ob¬ 
tained by hydrolysis of dinitrophenyl polymyxin. The hydantoin of the 
isolated material fm.p. 197°C.) did not depress the melting point (197°C.) 
of the synthetic. 

The leucine and serine were identified by paper chromatography and the 
orientation of the former was determined on a sample isolated from paper 
chromatography on a large sheet. 11 The orientation of the serine was 
arrived at by the rotation of the isolated dinitrophenyl derivative. All 

Table 4 

Identification of Amino Acids 


j Chromatographic Com¬ 
parisons 


Amino Acid 

Amino Acids 
(Paper) 

DXP * 
Derivatives 

I (Partition) 

Isolate 

D-Leucine 

L-Threoninef 

D-Serine 

L-a, y-Diamino- 
butyric acid 

7 systems 

7 systems 

7 systems 

7 systems 

i 

4 systems 

1 4 systems 

4 systems 

4 systems | 

i | 

Amino ackT (I.R., X-Ray I 

Amino acid* (I.R., X-Ravi 

DNP serine’* (I.R.) 

Amino acid* (I.R., X-Ray) 
a,7-Di DXP (I.R.) 

7 -DXP HCl* (I.R., m.p.) 
Hydantoin (m.p.) 

* Optical acti\ ity 

determined on this, material, 
assay. 


Table 5 

Amino Acids in Polymyxin by Paper Chromatography 


1 

Present in 

Solvent systems 

Leucine | 

Threonine 

Serine 

a, 7 -Diaminobutyric acid 

Pm, As | 
Pm, As 1 

Pm j 

Pm, As ^ 

1. AcOH-BuOH-H>0 (50:25:25) 

2. Phenol 

3. AcOH• BuOH• H>0 (25:50:25) 

4. Lutidine-BuOH-HsO (50:25:25) 

5. Lutidme-H20 (70:30) 

6 . AcOH-BuOH-H>0 
[7. BuOH-XHo 


Pm = Polymyxin; As = Aerosporin. 


of the isolated materials were also identified by comparison of infrared 
spectra 13 and x-ray diffraction patterns. 

The comparison of the amino acid compositions of polymyxin and "‘Aero- 
sporin” is shown in table 5. The findings listed here are all based upon 
side-by-side comparisons of the synthetic amino acids with the hydrolysates 
of polymyxin and ^Aerosporin” in each of the solvent systems. The 
homogeneous material from the main peak of figure 2 also shows the same 
acids. The solvent systems are listed in order of decreasing Rt of leucine 
in them. The validity of such an identification is strengthened by the 
observation that leucine and its six a-amino structural isomers are clearly 
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differentiated by tfiis method. The following amino acids were excluded 
by direct comparison w ith the hydrolysate in one or another of these sol- 
\ent s>stem-: alanine, asparagine, aspartic acid, citrulline, glutamic acid, 
glycine, lysine, valine, and ornithine. 

The identities of the amino acids were checked in two ways on isolates 


L-cd, y-OIAMiNO 

BUTYRIC ACID DL-SERINE 



L- OC, r-DIAMINO D-SERINE 

BUTYRIC AGID(ISOL) 


riGLRE 6. 


L-LEUCINE DL-THREONIfC 



D-LEUCINE (l$OL.) L-THREONINE (ISOL.) 


Figure 7. 

made from one-dimensional paper chromatograms on large sheets. They 
were identified by comparison of their infrared spectra with those of known 
samples. Comparisons of the x-ray diffraction patterns of leucine, threo¬ 
nine, and a , 7 -diaminobutyric acids with the corresponding isolated mate¬ 
rials were made by a special technique . 15 The results are shown in figures 
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6 and 7. The second comparison of figure 6 is included to show that this 
method differentiates optically active forms from the racemic compounds. 
In the case of threonine, no such difference exists. 

The next problem attacked was that of the identity of the free amino 
group of intact polymyxin. In table 2, it was pointed out that polymyxin 

-sag* Hz®.” 

DNFB ROOM TEMP v ' 

2 HOURS 



H 2 NCH 2 CH 2 CHCOO j Cu + DNFB 
' NH t 4 


I IGtRL 8 


T\bll 6 

Tentative Molyr Rvnos> 


H)0 

(DNP),-Polymyxin gj^—> 4y-DXP-Diaminobut\ric Acid + 1 ar,y-Diaminobutyric 
Add. 

Polymj xin Hydrolysate ► DXP-Amino Acids ^romat^ Separated DNP- 

Amino Adds 


Molar ratios from 


Constituent 

DNP 

Extinc¬ 

tions 

other methods 

jD-Leucine 

, 1 


E-Threonine 

1 3 

| > 2 by microbiological and HIOi acet- 

D-Serine 

1 

aldeh) de 

2 ^,7-Diaminobutyric acid 
C 8 H 17 COOH 

5 

> 4 by isolation of unsubs, amino add 

1 from data of Table 3 


* DNP = 2,4-Dimtrophenj l. 
tDNFB =■ 2,4-Dinitrolluorobeiucne. 

J Using ethjl acetate—pH 7 7 butter (0 1M phosphate') ^uth a Hjflo Supercel support. 


reacted with 2,4-dinitroiluorobenzene to an extent equal to its basic equiv¬ 
alence as determined in other ways. The dinitrophenylated material was 
then hydrolysed as shown in figure 8. The 7 -dinitrophenylamino-a-amino- 
butyric acid was isolated by crystallization or by partition chromatography. 
The latter procedure demonstrated the presence of only one dinitrophenyl- 
ated material. It was identified with the derivative prepared from a,y- 
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diaminobuu rk acid (synthesized from L-glutamic acid lh ) both by compari¬ 
son of rates on the partition column, by comparison of infrared spectrum 15 
melting; point, and optical rotation. Unreacted a o-diaminobutyric acid 
was shoan to be present in the hydrolysate by paper chromatography. 

Since the dmitrophenyi compounds had high and uniform molecular 
extinction coefficients ica. 17,000 when read at 3625 A in 0.05M phosphate 
buffer at pH 7 / they were used for quantitative studies on the ratios of the 
amino acids. This is shown in table 6. The quantitative work has been 
carried out by hydrolysis of polymyxin followed by dinitrophenylation of 
the reaction mixture and separation of the components by partition chro¬ 
matograph}’. The amounts of each were then determined colorimetrically 
in the column effluents. The configurations of the serine and diamino¬ 
butyric acid components were shown by the rotation of the 2,4-dinitro- 
phenvl derivatives. The amount and configuration of threonine in the 
hydrolysate was also shown by the response of a microbiological assay. 

Table 7 



Calculated 

Found 

c 

43.5 1 

43.5 

H 

7 8 

7.0 

X 

15.2 

15 1 

O 

23 2 

24.0 ( difference) 

Cl 

10 3 

10.5 

Molecular weight 'base! 

1144 

1150 

Lqui\alent weight 

286 

275-290 


With this information, it is possible to assign a tentative structure to the 
polymyxin molecule. There are available for this exercise the following 
numbers of the indicated residues: 

0 O 


four — C—CH—CH 2 —CHa—NH 2 , one — C—CH—CH 2 —CH 2 —NH-, 

i 

NH— NH— 

0 0 

I 'I 

one —C—CH—CHoOH, - three —C—CH—CHOH—CH 3 , 

NH— NH— 


and one CgHiyCO—. 

Such an assemblage of residues indicates an empirical formula (for the 
hydrochloride) of C 50 H 97 X 15 O 15 CI 4 . The calculated values for the pentahy- 
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drate of this formula and those found are shown in table 7. In view of the 
demonstrated inhomogeneity of the material, this agreement suggests that 
the various biologically active materials are very closely related in com¬ 
position. 

An arrangement of these residues w T hich would be in agreement with the 
properties of polymyxin is sketched below. 



RGROUPS 

C 8 H t 7 CONHCH 2 CH 2 - 

(NH 2 CH 2 CH 2 -) 4 

(CH 3 CHOH-) s 

HOCHg- 

(CH^CHCHg- 


Figtjbe 9. 


This is similar to the closed cycle postulated for Gramicidin S . 14 

Natural hesitation about postulating any specific arrangement is under¬ 
standable when it is realized that some 5,000 such possibilities exist. 

In summary, it -may be said that this sample of polymyxin is a basic 
polypeptide containing L-a, 7 -diaminobutyric acid, D-serine, L-threonine, 
jD-leucine, and a Cq fatty acid. It differs from “Aerosporin” both in gross 
properties and in containing serine. Polymyxin has been postulated to be 
a cyclic material and evidence for a tentative molecular formula has been 
advanced. 
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CHEMICAL EVIDENCE FOR THE MULTIPLICITY OF 
THE ANTIBIOTICS PRODUCED BY 
BACILLUS POLYMYXA 


By Tudor S. G. Jones 

The Wellcome Chemical Research Laboratories, Beckenham, Rent , England 

The announcement of the discovery of “Aerosporin” by Ainsworth, Brown, 
and Brownlee 1 and of “polymyxin v (Benedict and Langlykke, 2 Stanley 
el a/. 8 ), among the metabolic products of the organisms of the B. aerosporus - 
B. polymyxa group, raised the inevitable question of the chemical identity 
of these materials. The substance polymyxin A, formerly known as “Aero- 
sporin,” was early shown to be a basic substance forming salts with mineral 
acids and insoluble precipitates with acidic dyestuffs. The observation of 
Catch 4 that the purest preparations gave the ninhydrin reaction in solution, 
both before and after acid hydrolysis, gave reason to suppose that part of 
the molecule, at least, consisted of polypeptide. The application of the 
method of partition chromatography on paper (Consden, Gordon, and 
Martin 6 ) to the products of the acid hydrolysis of polymyxin A preparations 
by Jones 6 led to the discovery of the presence of leucine and threonine and 
of a basic substance with some of the properties of an amino acid, as major 
constituents. The basic substance was later identified with a, 7 -diamino- 
butyric acid and isolated from the mixed amino acids of the hydrolysate by 
precipitation with picric acid, as the DL-picrate (Catch and Jones 7 ). This 
was the first time that this amino acid, known from the synthetic work of 
Karrer et al., 8 Synge, 9 and Adamson, 10 was identified as a constituent of a 
natural product. This acid has since been shown to be present in hydroly¬ 
sates prepared under milder conditions as the L-form. 11 Receipt of a sample 
of polymyxin D, the 'polymyxin 5 of Stansly et al., z kindly made available 
by Dr. Carey of the Lederle Laboratories Division of the American Cyana- 
mid Company, enabled us to identify the same amino acids in this anti¬ 
biotic, with serine as an additional acid. The optical configuration of the 
leucine and threonine present in polymyxin A has been determined on the 
paper chromatogram by an enzymic method (Jones 12 ). These amino 
acids were shown to be D-leucine and L-threonine. Subsequent isolation 
of D-leucine and L-threonine from the hydrolytic products by Catch, 
Jones, and Wilkinson 11 has amply confirmed the result obtained by the 
micro-technique. 

It was noted early that, when adequate samples of relatively crude poly¬ 
myxin A were hydrolyzed by acid in sealed tubes, globules of an oily appear¬ 
ance separated from the acid solution and a rancid odor was present. 
Evaporation of the add on a steam-bath in an open dish left only a crystal¬ 
line residue. The fatty material was at first discounted as an impurity, 
but was noted for further study. A private communication from Dr. 
Malcolm of the Lederle Laboratories Division of the American Cyanamid 
Company informed us of the presence, in the polymyxin molecule, of a 
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carboxylic acid similar to pelargonic acid. Examination of our purest 
preparations of polymyxin A showed that there was little ether-soluble 
material present in the intact substance but that, after acid hydrolysis, 
ether indeed extracted an acidic substance. Removal of the ether and 
ractional distillation in vacuo yielded an optically active mobile oil, having 
the properties and composition of a saturated fatty acid C 9 H 18 O 2 , different 
from pelargonic acid but as yet unidentified, a description of which is given 
in the accompanying paper. 11 

Partition Chromatography of Polymyxin A a>id Polymyxin D. The ele¬ 
gant method of Consden, Gordon, and Martin for the partition chromatog¬ 
raphy on filter paper of amino acids and lower peptides, has already been 
mentioned in describing the discovery of the amino-acid components of 
polymyxin A. In this method, filter paper, of which the moisture content 
is maintained constant, becomes the support for this stationary aqueous 
phase and a mobile, usually largely immiscible, phase is caused to flow 
over the sheet. The mixture, applied to the paper in solution in a small 
drop of water or other volatile solvent, which is then removed, is thus 
subjected, during the flow of the mobile phase, to countless distributions 
between the two phases, and the components separate as spots. The po¬ 
sitions taken up on the paper are dependent mainly upon the distribution 
coefficients of the components of the mixture for the two phases employed. 

The method has the two-fold value not only of making possible the sepa¬ 
ration and identification of complex mixtures but of providing constants, 
mainly dependent upon the solubility relationships of substances being 
studied, with the consumption of a minimum of material. 

The almost unparalleled success of this method, which involves the sim¬ 
plest of apparatus, when applied by a number of workers to a variety of 
classes of organic and inorganic compounds, was an encouragement to at¬ 
tempt the chromatography of polymyxin A. 

Given the possibility of separating the components of the admittedly 
impure preparations of the antibiotic, it was hoped to provide the means by 
which polymyxin A and its impurities could be recognized. 

The attempt was successful and led to the first description of the applica¬ 
tion of this method to substances of much higher molecular weight than 
hitherto attempted. 6 Of the variety of solvents available for the mobile 
phase, that mixture of butanol, acetic acid, and water recommended by 
Partridge 13 proved the most suitable. Polymyxin A was applied to the 
paper in solution in water, 5 jul. of a solution containing 100 jig. of the hy¬ 
drochloride were usually pipetted directly on to a predetermined mark on 
the paper and the spot allowed to dry. After running the solvent for a 
suitable time in an atmosphere saturated with respect to all the solvents 
involved, the antibiotic was found to have moved some 5 to 10 cm. in the 
direction of the solvent flow, and its position was revealed by fluorescence 
in ultraviolet light on the dried paper or by the ninhydrin reaction. Prep¬ 
arations of polymyxin A of adequate purity moved as single, rather elon¬ 
gated, spots, but the reproducibility of the positions of the spots on the 
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paper, relative to the solvent front, in different chromatograms, prepared 
under what appear to be identical conditions, is not as good as that of 
simple amino-acids. 

A typical chromatogram obtained with polymyxin A is shown in figure 
1, section a. The solvent ffow is in the direction of the arrow, with the 
solvent front completely off the leading edge of the paper. The receipt of 
polymyxin D led to a comparison which showed that polymyxin A and 
polymyxin D moved on the paper at different rates. Figure 1 , section c, 
shows the chromatogram of polymyxin D. Section b, in the same figure, 
is the chromatogram derived from a mixture of the two antibiotics, using 
the same amounts as in sections a and c, and, within the limits of the 
method, this chromatogram is the superimposition of those for the single 
antibiotics. There can be no doubt that the two antibiotics are different 
substances. These observations proved to be of particular value at the 
time of the receipt of the polymyxin D sample since this was known from 
its stated assay value to be at most 67.5 per cent pure, based on the pub¬ 
lished figure for the purest material, and the amino acid serine, additional 
to the amino acids known to be present in polymyxin A, might otherwise 
have been considered to be a component of an impurity. 

Antibiotics from Further Strains of B. Aerosporus. The two antibiotics 
considered above, while exhibiting certain differences, were shown by 
Brownlee, Bushby, and Short 14 to have some biological properties in com¬ 
mon. The important property of renal toxicity (Brownlee and Bushby 15 ) 
was one common feature, and, chemical purification having failed to remove 
the toxic principle, a search by strain selection for less damaging material 
v’as instituted in these Laboratories. Examination of the products of 
fifteen other strains has led to the recognition of other antibiotics, some 
characterized by their chromatographic behavior as the intact material and 
others needing the more detailed analysis following hydrolysis. At the 
time of writing, five groups are known/' including polymyxin I) supplied by 
the American Cyanamid Company. 

Figure 2 is a reproduction of a chromatogram prepared from only seven 
of the strains tested. The products of B. aerosporus (B. polymyxa) are 
identified here by the Wellcome Foundation Culture Numbers of the se¬ 
lected strains, and the polymyxin D chromatograms w r ere derived from three 
separate samples from strain B-71 of the Lederle Laboratories. In this 
figure, three separate groups are recognizable. Strain CX1419 produces 
an antibiotic w’hich moves fastest on the paper. The strains CN1984, 
CX2136, CN114J, CN2002, and CX121 yield products w r hich move at 
comparable speed and more slowly than does CX1419. Polymyxin D 
moves at an intermediate rate. Further reference to figure 1 show’s that 
the materials derived from strain CN1419 (section d) and polymyxin D 
(section f) indeed move at different rates and that when mixed (section e), 

The fifth member of the series mentioned previously has, by agreement, been named 
polymyxin E. 17 Its qualitative composition is identical with that of polymyxin A, but its 
speed on the paper is approximately equal to that of polymyxin B. 
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a partial separation may be achieved. The distinction between the prod¬ 
ucts of these strains is of importance and has been confirmed using other 
solvents. If chromatograms derived from intact material provided the 
only evidence of the chemical identification of these antibiotics, only three 
groups would be recognizable from the diagram. If one bears in mind that 
the speed of migration on the paper is a consequence of a single physical 
property—the relative distribution between the phases employed—it is 
clear that a closer analysis might reveal the underlying reason for the 
different rates and also yield further differences which are not reflected 
in the similarity of overall distribution coefficients. Such an analysis is 
provided in the next section. 

Partition Chromatograms of the Hydrolyzed Antibiotics. The hydrolytic 
preparation of the antibiotics for chromatographic analysis was usually 
performed as follows: Ten mg. of the antibiotic dissolved in 1 ml. 5N HC1 


Table 1 

The Amino-Acid Components of the Polymyxins 


Pol\ my\in 

Culture No. 

Leucine 

Phenyl¬ 

alanine 

1 

Threonine 

Serine 

a , 7 -Dia- 
minobut} - 



1 

i 


1 ric acid 

-A 

1984 

f 

_ 

+ 

_ 

! + 


2002 


1 

I 



121 






-B 

1419 

+ 

+ 

+ 

- 

1 + 

-C | 

2136 

_ 

+ 

1 + 1 

_ 

! + 


114J 

| 


I 


1 

-D , 

B71 

“Lederle” 

1 + 

1 

+ 

1 

+ 



was placed in a sealed tube and kept at 100°C. for 2.5 hours. The HC1 
was then evaporated on an open dish and the residue dehydrated by evapo¬ 
ration with alcohol and benzene. The residue, which crystallized readily, 
was dissolved in 0.25 ml. of water and 5 jul. of this solution, equivalent to 
200 jug- of the mixed amino acids, was placed on the paper for the chromato¬ 
gram. This relatively large quantity of amino acid mixture was necessary 
because of the disproportionately small amount of some amino acids present. 

The results of the examination of the seven strains, shown for the intact 
material in figure 2, are given in figure 3, which depicts a chromatogram 
formed on "Whatman 4 paper, using the butanol/acetic acid/water mixture 
previously mentioned. The main amino acid spots are readily identified 
as leucine, phenylalanine, threonine, serine, and a , 7 -diaminobutyric acid, 
in that order downwards. The direction of flow of the solvent on the paper 
is from the line at the bottom in an upward direction. One-dimensional 
partition chromatography sufficed to separate the small number of amino 
acids present. 
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We now have the data for the classification of the products of the B. poly - 
myxa group of organisms, and this is shown in table 1. Inspection of 
figure 3 shows that, in agreement with figure 2 and as an extension of the 
findings based on that figure, there now appear to be four distinct classes of 
antibiotics, the component amino acids of which are shown in table 1. 
It was evident that a new nomenclature was necessary for the identification 
of the classes revealed by these observations, and, for reasons which are 
given by Brownlee 16 in the introductory paper of this series, the name, 
polymyxin, was agreed upon as the generic name. The classes of anti¬ 
biotic are then distinguished by alphabetical suffixes, such as appear earlier 
in this paper. Table 1 provides the evidence upon which the present 
assignment of names is based. This evidence is thus confined, at present, 
to the qualitative amino acid composition of the antibiotics. The basis of 
the classification may require modification at a later date, should evidence 
of quantitative differences distinguish new members of the group. In 
table 1 , the signs given under the headings of the amino acids indicate 
spots of an intensity known by experience to represent a significant amount 
of the amino acid. The spots given by phenylalanine in the reproduction 
of figure 3 are much fainter than those of the freshly-prepared chromato¬ 
gram. The color of the spot following use of the acid solvent mentioned 
previously is characteristic for phenylalanine. Other relatively faint spots are 
present in the chromatogram, e.g., CN2136 and CN114 J give products in 
which there is a faint spot in the leucine position, and spots in the serine 
position appear in the chromatograms given by other products. The 
question whether these classes of polymyxin represent single antibiotics 
or mixtures of two or more cannot be answered in our present state of 
knowledge. Most of the materials investigated in this comparative study 
are not more than 50 per cent pure. The fainter spots could, therefore, be 
due to the presence either of impurities devoid of antibacterial activity, 
or of small proportions of other antibiotics. To give an example, the faint 
spots for leucine in the polymyxin C chromatograms could be due to ad¬ 
mixture of a small proportion of polymyxin A. That polymyxin B is not a 
mixture of polymyxins A and C, which could be one interpretation of its 
amino acid composition, is shown, chemically, by the chromatograms of 
the intact materials (figure 2 ), and, biologically, by the absence of nephro¬ 
toxicity’ 14 even in preparations known to be impure. Should purification of 
the polymyxin C preparations yield homogeneous material still showing the 
presence of leucine in the smaller proportions indicated before, the molec¬ 
ular weight of this antibiotic would be rather greater than the present 
estimates based on polymyxin D and polymyxin A. What is not known at 
present is whether each class is a single antibiotic of settled structure or a 
mixture of several substances containing the same amino acids. The avail¬ 
able evidence based on the purification of polymyxin A 11 and on the present 
work appears to favor the concept that each strain of the organisms pro¬ 
duces one main antibiotic, which, when isolated in a standard manner, 
appears substantially homogeneous. 

An Important Impurity. An impurity which is present in many prep- 
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arations of polymyxin A, B and C, but not in polymyxin D, and which re¬ 
quires multiple purification procedures for its removal, is usually observed 
as a faint, slow spot near the point of application. In the chromatograms 
of the hydrolysis products (figure 3), there appears a series of spots of all 
grades of intensity, corresponding with the label “unknown. 1 ’' These 
latter spots are thought to be related to the former and their position on the 
chromatograms, both of the intact and hydrolysed material, suggests that 
they are very basic substances. The material is described in greater detail 
in the accompanying paper. 11 

The Fatty Acid Component. As mentioned above, the fatty acid com¬ 
ponents of these preparations have been characterized but not yet identi- 



Figuet. 4. The titration cun es of polymyxins A, B, C and D . The curves begin at arbitrary values of 
the abscissa for clarity of presentation. 


fied, and the acids have been isolated from polymyxin A, B, and D as the 
/>-bromobenzylthiuronium salts. These show identical crystalline form, 
melting points, and mixed melting points. 11 

Titration Curves . The electrometric titration curves for the purest repre¬ 
sentatives of the four classes of polymyxin are shown in figure 4. The 
solution of the antibiotic in water (0.2 per cent solution) was titrated with 
5N HC1 to pH 1-2 and then titrated to pH 12 with IS XaOH using a cali¬ 
brated glass electrode. The curves show the behavior to be expected from 
relatively strongly basic substances but there are two additional inflexions 
of different extent. The inflexions are not equal for the four preparations, 
and the most alkaline inflexion, while believed to be real, is only barely re- 




916 


IVX1LS XEIJ YORK ACADEMY Oh SCIEXCES 


moved in extent from the limits of experimental error. The inflexion in 
the region pH 9 to 10 is much more pronounced in the case of polymyxin B. 
If this corresponded with the presence in the molecule of free carboxyl 
groups, it would indicate a lower isoelectric point for this preparation. 
This is a fact which is known from other data. 

Ultraviolet Spectra. The ultraviolet absorption spectra of polymyxin B 
and C, as would be expected, show the peak corresponding with phenyl¬ 
alanine but general absorption prevents the use of this for quantitative 
purposes. 


Summary 

1. The application of paper chromatography to the antibiotics prepared 
from different strains of B. polymyxa has revealed the multiple nature of 
this antibiotic group. 

2. The polymyxins are classified, partly by the rate of movement of the 
intact material on the paper relative to the solvent front, and partly by 
their qualitative amino acid composition. 

3. The following acids have been found to enter into the composition of 
all polymyxins studied; threonine, a,y-diaminobutyric acid, and an un¬ 
identified, optically active, fatty acid of empirical formula CgHisO*. 

4. Polymyxin AhasD-leucine, and polymyxin C, phenylalanine, additional 
to the above. Polymyxin B has both leucine and phenylalanine. Poly¬ 
myxin D has the additional amino acids leucine and serine. 

5. Single strains of the organism appear to produce single antibiotics. 

6 . The titration curves of representatives of the classes mentioned show 
similarities and differences. Interpretation is reserved, except that poly¬ 
myxin B is shown to have a lower isoelectric point than the others. 
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THE CHEMISTRY OF POLYMYXIN A 


By J. R. Catch, Tudor S. G. Jones, and S. Wilkinson* 

The Wellcome Chemical Research Laboratories, Beckenham , Kent, England 

The object of this paper is to describe the present state of our knowledge 
of polymyxin A, which is the agreed name for the antibiotic originally 
called “Aerosporin” by Ainsworth, Brown, and Brownlee. 1 At the same 
time, where data are available, we shall compare this antibiotic with the 
related antibiotics polymyxin B, discovered in our laboratories, and poly¬ 
myxin D, the k ‘polymyxin” of Stansly et ol. 2 Experimental details will 
be published elsewhere and only the findings based on them will be given 
here. 


Polymyxin A 

Isolation , Purification , and Properties. The isolation and partial purifi¬ 
cation of polymyxin A has been described by Catch and Friedmann 3 in 
abstract form and will be repeated here in somewhat greater detail to pro¬ 
vide data for the materials used in the subsequent work to be described. 
Crude polymyxin A, prepared according to Ainsworth, Brown, and Brown¬ 
lee, 1 is purified by fractional precipitation as helianthate, successive portions 
of helianthic acid in dilute aqueous pyridine being added to the neutral 
antibiotic in water or aqueous methanol. The polymyxin A is generally 
precipitated first, followed by impurities which appear to be, at least in 
part, basic peptides. The helianthate is an amorphous brown powder, 
almost completely insoluble in water and most solvents. The hydrochlo¬ 
ride or sulfate is recovered by treatment of a methanolic suspension with the 
appropriate mineral acid, removal of the sparingly soluble helianthic acid, 
and precipitation with anhydrous acetone. 

Figure 1 shows the paper partition chromatogram prepared by methods 
described in the preceding paper 4 from equal quantities by weight of the 
hydrochlorides obtained from six successive partial precipitations of a 
single batch. It should be emphasized that the earlier fractions were 
greater both in quantity and activity than the later ones. A basic impurity 
is seen to appear in the third fraction and to increase in amount as judged by 
intensity as the series progresses. No separation of the nephrotoxic prin¬ 
ciple (Brownlee and Bushby 5 ) was observed to have taken place, since the 
six fractions, when administered parenterally to rats on a unitage basis, 
were all equally toxic. 6 

The further precipitation of the amorphous reineckate and regeneration 
by Ag 2 SC >4 and BaCl 2 , or better, by suspending in dilute hydrochloric acid 
and extracting the free reinecke acid with cyc/ohexane, yields a highly active 
hydrochloride in over 99 per cent yield based on activity. 

Figure 2 shows the chromatogram of the hydrochlorides produced by 


* Acknowledgment is gratefully made to Dr. Kathleen Lonsdale, F.R.S., for her provision of X-ray powder 
photographs of the amino acids. 
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four successive partial precipitations as remeckate, together with a chro¬ 
matogram ol the products of the hydrolysis with acid, and, for comparison 
with the latter, an artificial mixture of leucine, threonine and a,Y-diamino- 
bytvnc acid. The hydrochlorides were apparently fairly homogeneous 
and the four preparations were of approximately the same biological and 
optical actiMt} ispecific rotation of [a] 646 i = — 42° m water). The hydro- 
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chlorides were colorless and amorphous, not deliquescent, although hygro¬ 
scopic when dry. Their melting points were 230-235° dec. and they were 
freely soluble in water and in methanol. These four fractions were also 
equally nephrotoxic. The basic impurity is almost absent from the four 
fractions. Polymyxin A is labile to alkali but fairly stable to acids, gives a 
positive biuret test and a positive ninhydrin reaction both before and after 
acid hydrolysis, and negative Molisch, Sakaguchi, Pauly and Hopkins- 
Cole reactions. Solutions in water show no characteristic absorption or 



CATCH et al.: CHEMISTRY OF POLYMYXIN A 919 

fluorescence in the ultra-violet. Sulfur and phosphorus are absent. The 
elementary composition of a representative hydrochloride is 

C, 45.5; H, 7.7; N, 15.8; Cl, 14.0%. 

Many base precipitants and acid dyes give precipitates with solutions of 
the antibiotic. The picrate and fiavianate are amorphous and g ummy . 
Attempts to prepare salts of organic acids by treatment of the hydrochlo¬ 
rides with the silver salts of acetic, phenylacetic, oxalic, malic, benzoic, 
phthalic, cinnamic, succinic, and naphthalene-j8-sulphonic acids yielded in 
all cases amorphous and sometimes glassy materials. 

Amino Acid Components . The amino acid components of polymyxin A 
have been shown by Jones 7 and by Catch and Jones 8 to be leucine, threo¬ 
nine, and a , y-diaminobutyric acid. The former author has shown, 9 by 
application of the method of Synge, 10 which employs a D-amino-add oxi¬ 
dase 11 for the identification of certain ZZ-amino-acids on paper chromato¬ 
grams, that the optical configurations correspond to ZMeucine and 
L-threonine. The .D-amino-acid oxidase oxidizes D-a , y-diaminobutyric 
acid slowly (cf . 12 ) and no evidence could be obtained for the configuration 
of this component. Catch and Jones 8 described the isolation of DL-a, y- 
diaminobutyric add from the products of the hydrolysis of polymyxin A, 
via the dipicrate dihydrate, m.p. 185°, as the monohydrochloride, m.p. 
228-230° dec. This picrate, although readily obtained from the residue 
left after evaporation of the hydrolysis mixture, was contaminated by the 
picrate of at least one other base, and serial fractional crystallization of the 
derived, mixed hydrochlorides was necessary before the pure DL-a,y- 
diaminobutyric add was obtained. Moreover, the predpitation of the 
diamino-add was incomplete, as judged by paper chromatograms, and 
fractional crystallization from alcohol, of the residue, after removal of ex¬ 
cess picric add and evaporation, yielded a small amount of L-diamino- 
butyric add. From the residual mother liquors, small quantities of impure 
ZMeucine and Z>threonine were obtained. Subsequent work has shown 
that the conditions employed in the early experiments, namely, hydrolysis 
at 150°C. for 2.5 hours with a concentration of 5N hydrochloric acid, were 
unnecessarily drastic, and that a temperature of 100°C. sufficed. Poly¬ 
myxin A, which had been hydrolyzed under the latter conditions, has yielded 
mainly the Z-form of the diamino-acid with a little of the DL-lorm. From 
the same hydrolysate, Z^threonine and ZMeucine have also been obtained 
in the pure form. 

The predpitation with picric acid has been found to be unnecessary, 
since the direct fractional crystallization from alcohol of the residue ob¬ 
tained by evaporation of the ether-extracted add hydrolysate has rendered 
possible the easy separation of the diamino-add in the pure state. In this 
way, both the L- and the ZTZ-forms have been isolated in the ratio 3:1. 
The occurrence of DL-a , y-diaminobutyric add in the hydrolysate raises 
the question of the presence of the ZMorm in the intact antibiotic. It is 
known from control experiments that the treatment of the Z-form with 
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SN hydrochloric acid at elevated temperatures leads to some racemization. 
This is thought to be insufficient to account for the proportion of the DL- 
form isolated, and it is considered possible that racemization at the moment 
of liberation of the X-diamino-acid, rather than during the actual course of 
the hydrolysis, is the source of the D-form. 

The isolation of the neutral amino acids was accomplished by the follow¬ 
ing methods: fractional precipitation with pyridine of the mother liquors 
from the crystallization of the diamino-acid yielded L-threonine, and D- 
leucine was precipitated from the filtrate by naphthalene-/S-sulphonic add. 
The isolation of the amino adds thus confirms the determination of the 
optical configurations of the neutral amino adds by means of Z?-amino- 
add oxidase, 5 and extends the characterization to the diamino-add, for 
which no evidence for optical form could be obtained by the enzymic 


Table 1 

Analytical Data and Yields or the Amino Acid Components or Polymyxin A 
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method. The identity of the three amino adds with the synthetic, opti¬ 
cally active adds has also been confirmed, through the courtesy of Dr. 
Kathleen Lonsdale of University College, London, by X-ray powder photo¬ 
graphs of the crystalline material. The analytical data together with the 
yields of the amino adds isolated from one batch of polymyxin A, of ap¬ 
proximately SO per cent purity, are shown in table 1. 

During the course of the isolation of the products of the hydrolysis, 
paper partition chromatography has proved of immense value, both for 
identifying rapidly the small quantities of crystalline material which sepa¬ 
rated, and also for following the purification of these substances. By suit¬ 
able choice of the quantity applied to the paper, it has been possible to 
demonstrate the presence of impurities which escaped detection by the 
ordinary criteria of melting point, elementary analysis or specific optical 
rotation. 
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An Important Impurity . The basic impurity mentioned above, the 
presence of which in polymyxin A is demonstrated in figure 1 , has been 
noted to give a more intense blue reaction with ninhydrin, both on paper 
and in solution, following acid hydrolysis. From the products of hydroly¬ 
sis of the later fractions shown in figure 1 , a picrate melting at 252° after 
softening at 250° was readily obtained, and this yielded a hydrochloride, 
m.p. 212-213°. Analyses of the picrate and the hydrochloride are con¬ 
sistent with those for derivatives of a compound of formula C 5 H 14 N 2 as is 
shown below: 



c% 

H% 

N% 

Cl % 

Hydrochloride: Found 

CsHieNsCh requires 

Picrate: Found 

C&H 14 N 2 • 2 C#HsN 807 requires 

36.2 

36.4 

3.6 

3.6 

mm 

H 

40.6 

40.8 


Table 2 

Analytical Data for the Fatty Acid Derivatives 


Component 

C 

H 

N 

Br 

^-Bromobenzylthiuronium salt: Found 
CnHjgNjQ^Br requires 

50.5 

50.6 

6.6 

6.7 


20.2 

19.9 

amide: Found 

68.7 

11.8 

8.8 

— 

C 9 H 19 NO requires 

68.8 

12.1 

8.9 

— 

methyl ester: Found 

69.4 

11.7 

— 

— 

C 10 H 10 O 2 requires 

69.8 

11.6 

— 

— 


The hydrochloride and picrate are optically inactive. The melting points 
of mixtures of the hydrochloride and picrate with the corresponding salts of 
cadaverine are depressed. The substance remains unidentified. 

The Fatty Acid Component. The presence of oily material, of a rancid 
odor, in the products of the hydrolysis of relatively crude polymyxin A 
was noted and the separated fatty material reserved for later study. A 
private communication from Dr. Malcolm of the Lederle Laboratories 
Division of the American Cyanamid Company, stating that polymyxin D 
contained about 15 per cent of an acid similar to pelargonic add, led us 
to investigate this fatty material in greater detail. Ether extracted little 
material from the polymyxin A preparation used, but, after add hydrolysis, 
8-10 per cent by weight of the antibiotic was obtainable as a crude oil, and 
repeated distillation in vacuo yielded 5.5 to 7.5 per cent of a pure, mobile 
oil, from which the ^-bromobenzylthiuronium salt, m.p. 160-161°, was 
obtained. This was reconverted to the add and the latter yielded a crys¬ 
talline amide, m.p. 93°C. The fatty add was optically active, [a]llh 
= + 8 . 6 ° (c = 2 . 22 , ether) and yielded an optically active methyl ester, 
b.p. 35-36°C./0.01 mm. Hg, [a]Uh - + 9.0° (c - 1.55, ether). The 
analytical data for the salt, the amide, and the ester are shown in table 
2 and are seen to agree with those of an add of empirical formula 
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The treatment of polymyxin A with 2N alkali at room temperature led 
to complete destruction of the optical and biological activity in 7 hours. 
No fatty acid was extractable from the end product, but further acid 
hydrolysis liberated a fatty acid, which was isolated and gave a £-bromo- 
benzylthiuronium salt identical with the one already described. This 
observation suggests that the fatty acid radical cannot, in all probability, 
be present in the molecule of polymyxin A as an O-acyl group, since the 
comparable compounds, O-acetyl-hydroxyproline and O-acetyl-threonine, 


Table 3 

Yield of Fatty Acids 


Source 

u./mg. 

1 Per cent 

crude add 

Per cent redis¬ 
tilled fatty add 

Polymyxin A* 

5360 

8 

5.5 

6150 

7.8 

5.6 


7940 

8 

7.2 


9000 1 

j 

9.7 

7.5 

Polymyxin B* 

4800 1 

• i 

6.3 

5.4 

Polymyxin Df 

1350 j 

12.2 



* Wellcome Foundation 1947 Standard, 
f Cyanamid units. 


Table 4 

Properties of the Acids Isolated 



Refractive 

index 

m.p. of ^-Bromo- 
benzylthiuron- 

Mixed melting point 

m.p. of 
Amide 

Source 

ium salt 





°C. 

Insert¬ 
ed at 

Mixture 

m.p. 

Insert¬ 
ed at 


Mixed 

m.p. 

Polymyxin A 

1.4390 

(18°C.) 

159 

155 

A & B 

159-160 

155 

93 

93 


Polymyxin B 

1.4330 

(20°C.) 

160 

155 

B &D 

158.9 

155 

93 


Polymyxin D 

— 

1158-158.5 

150 

• 






are easily hydrolysed by cold alkali. If the fatty add were present as the 
anion of one or more of the basic amino-groups, then extraction with ether 
of the add solution of intact polymyxin A should yield the fatty add. 
It is probably present as an iV-acyl grouping.* 

Polymyxin B and Polymyxin D 

Amino Add Components . The existence of other antibiotics of the 
polymyxin class has been demonstrated in the preceding paper. 4 The 

* Subject to final confirmation by synthesis, the constitution of the fatty acid has been 
established by degradative studies as 6-methyl-octan-l-oic add. 

CH,* CHi-CH(CH,) • CH 2 - CH 8 CH*-CH 2 -COOH 
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amino acids present in these antibiotics are given in table 1 of that paper. 
The optical configurations of these amino acids have yet to be dete rmin ed, 
with the exception that L-a , 7 -diaminobutyric acid has been isolated from 
polymyxin B by direct fractional crystallization from alcohol of the evapo¬ 
rated residue from the acid hydrolysis, as described above for polymyxin A. 
Experiments are now in progress for the determination of the configurations 
of the other amino acids. 

Fatty Acid Compomnt. The isolation of the fatty acids from the acid 
hydrolysates of polymyxin B and polymyxin D and the preparation of 
suitable derivatives, has shown that the acids are identical with one an¬ 
other and with that from polymyxin A. The identity is demonstrated 
in table 3, which gives the melting points and mixed melting points of the 
^-bromobenzylthiuronium salts and of the amides. The yields of the fatty 
acid from several different samples of polymyxin A and one sample each of 
polymyxin B and polymyxin D are shown in table 4. It is seen that the 
sample of polymyxin D gave rather more of the crude fatty acid than did 
the two others. 


Summary 

1. The partial purification of polymyxin A (formerly described as “Aero- 
sporin” by Ainsworth, Brown, and Brownlee 1 ) via the helianthate and re- 
ineckate is described. The properties of the product are summerized. 

2. The products of the acid hydrolysis have been shown to yield L-a, 7 - 
diaminobutyric acid, DL-a, 7 -diaminobutyric acid, L-threonine, and 
L-leucine. 

3. An optically active fatty acid is also present in acid, but not alkaline 
hydrolysates. Analyses of its ^-bromobenzylthiuronium salt, its amide, 
and its methyi ester agree with the empirical formula C 9 Hi80 2 . The acid 
is not extractable from the unhydrolyzed material by ether, and is therefore 
unlikely to be an impurity or the anion of one of the basic groups. 

4. Polymyxin B has been shown to yield L-a , 7 -diaminobutyric acid and 
both polymyxin B and polymyxin D give the same optically active C 9 H 18 O 2 
acid as does polymyxin A. 
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INFRARED STUDIES 


By R. C. Gore and E. M. Petersen 

Stamfotd Research Laboratories, American Cyanamid Company, Stamford , Connecticut 

Introduction 

Inasmuch as the knowledge gained from spectrometric observations in 
the infrared region has been of value in the study of the molecular struc¬ 
ture and identification of other antibiotics, 1 it was natural to make such 
observations in the case of polymyxin. 

As an introduction to the use of this, as yet, little-used technique in the 
stud}" of antibiotic molecules it is, perhaps, worth while to summarize the 
advantages and disadvantages of infrared spectrometric studies. A recent 
review 2 gives these in considerably more detail than can be presented here, 
but they may summarized as follows: 

Adiantages 

(1) All molecules possess infrared spectra, whether solids, liquids, gases, 
or in solution. 

(2) A single infrared spectrogram may give clues to the identity of con¬ 
stituent radicals, substituents and their positions in a molecule. 

(3) The spectrum is a fingerprint of the molecule useful in both qualita¬ 
tive and quantitative analysis. 

(4) This spectrogram gives an indication of the overall purity of the 
preparation. 

(5) The techniques are simple. 

(6) Relatively small samples of pure materials are sufficient (several 
milligrams). Samples may be recovered unchanged. 

Disadvantages 

(1) Although all molecules possess infrared spectra, with present instru¬ 
ments, as the molecular weight increases, the clarity and uniqueness of the 
spectrum decreases. 

(2) The present knowledge of infrared spectra is insufficient to account 
for and predict all absorption bands. This makes it necessary, as in the 
case of mixed melting point determinations, to obtain known compounds 
when identifying an unknown one. 

(3) Traces of impurities, unless they are exceedingly strong absorbers, 
are not easily detected. 

(4) Dilute solutions are handled with difficulty, unless strong absorbers 
are present. 

As an indication of the utility of infrared studies, the spectra of five 
penicillins are shown in figure 1. Unique absorption bands characteris¬ 
tic of each type are indicated at various frequencies in the spectra. Quali¬ 
tatively, it is possible to point out the absorption bands related to the 
N—H, carbonyl, and C=C radicals. As is evident, each spectrum is a 
characteristic physical property of the molecule. 
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3400 3000 2600 1800 1600 1400 1200 1000 800 600 400 
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Figure 1 . Infrared absorption spectra of the crystalline sodium salts of various penicillins. 
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Figure 2. Semi-line graph of the infrared absorption spectra of some common antibiotics. 

It may be of interest to observe the spectra of several antibiotics taken at 
random from our catalog of such materials. This file has been assembled 
through the generosity of many research workers in the field, and especially 
through the efforts of Dr. W. C. Tobie. At a later date, a more complete 
story is to be published on the spectra of antibiotics in general. A semi- 
line-graph of several of these materials is shown in figure 2, again illustrat¬ 
ing the uniqueness of the infrared spectra. 

Studies of this nature have been and are being made on polymyxin, 
“Aerosporin,” and their breakdown products. 
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Experimental 

Many of the spectra shown have been taken on a Perkin-Elmer spectrom¬ 
eter equipped with electronic direct-current amplification and a Brown 
recorder Most of the solid materials were observed by merely mulling 
the sample with white mineral oil (Nujol) between rocksalt plates. Liquids 
were observed in rocksalt cells with tin foil spacers. All samples have been 
furnished by the various workers taking part in this presentation and all 
credit for their preparation must be given to them. 

Results 

Spectra of polymyxin, AB-71, and “Aerosporin” are shown in figure 3. 



Figure 3. Spectra of antibiotics from B polymyxa. 

It is evident, by a comparison of these spectra and those of the penicillins, 
that there are fewer unique, sharp absorption bands. This is a direct conse- 
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quence of the high molecular weight of the B. polymyxa derivatives. A 
difference in the absorption near 1000 cm .” 1 between “AerosDorin” and poly¬ 
myxin is real and is indicative of differences in these substances. It is 
also evident that polymyxin and Antibiotic 71, produced by different 
methods, are identical. 

A C 9 fatty acid from polymyxin, submitted by Dr. S. Kushner, is shown 
in figure 4. It was thought that this material might be pelargonic acid. 


in cm' 



// y+O D«te~£h£2=4St_ UF JZggtt 

Mr_ 


C*F_ 



Tioure 4 Spectra of an isolated C 9 fatt> acid and pelargonic add. 


A sample of this latter acid, shown for comparison, is similar, but the methyl 
deformation frequency near 1375 cm ."" 1 indicates that the acid is a branched 
chain, since more absorption is shown in the unknown than in the straight 
chain pelargonic acid. 

As further proof of the lack of identity between the unknown and the 
pelargonic acid, the spectra of the amides, prepared by Dr. Kushner, are 
shown in figure 5. The same methyl absorption difference as was shown 
in the case of the acids is evident, as well as many other differences. 
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Figure 5. Spectra of the amides of the Ci fatty acid and of pelargonic acid 
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Figitie 6. Spectra of the isolated and synthetic o-amino 7 -{1,4-dinitrophenyl amino) butyric add hy- 
irochlorides. 
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Samples of the hvdantoins of an unknown diamino acid and a , 7 -diamino- 
butyric acid, isolated by Dr. Kushner, were submitted, but because of the 
possibilities of differences inherent in the preparation of hydantoins the 
spectra were not conclusive. 

The 2 .4-dinitrophenyl derivatives of a similar material as well as that 
of the known acid were submitted by Dr. P. H. Bell. The identity of the 
materials is indicated by the spectra in figure 6 . Similar spectra of the 
di( 2 , 4 -dinitrophenyl ) derivatives of the unknown and the L (-(-)«, 7 - 
diaminobutvric acid are shown in figure 7. From a comparison of these 


Ml MM 4 



Figure 7 Spectra of the isolated and synthetic L (+)a, 7 -di( 2 ,4-dinitrophenylammo) butyric acids. 

spectra, it appears as if the unknown amino acid is L (+ )a , 7 -diaminobutyric 
acid. 

An amino acid, suspected of being serine, was isolated by Dr. P. H. 
Bell as the 2, 4-dinitrophenyl derivative. The spectra of this derivative 
and that of D-serine are shown in figure 8. Although slight purity dif¬ 
ferences are evident, the material appears to be D-serine. 

The spectra of an amino acid isolated by Dr. R. G. Shepherd thought to 
be leucine, along with spectra of dU and £(—) leucines are shown in figure 9. 
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Frame 8. Spectra of the isolated serine derivative and synthetic D- 2,4-dinitrophenyhunino serine 




% Tr. 
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Figuri 9. Spectra of the dl, isolated, and L 1+) leucines 
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It is to be remembered that these spectra were taken in the solid phase 
where enantiomorphic differences might occur. Although the spectra of 
the isolated material and the knowns show differences in several regions, 
especially near 1125 cmr 1 , it may be concluded that this difference is caused 
by impurities and the isolated material is L( —) leucine because of the cor¬ 
respondence of the absorption bands near 670 cm.” 1 

Another amino acid, suspected of being threonine, along with the spectra 
of known D (—) and L (+) threonine are shown in figure 10. As can be 


in ofn ' 1 



<£ JSSpaAcsgC 


Tigiri 10 Spectra of D isolated, and L (+i threonines 


seen, both the isolated threonine and the L (+) threonine lack an absorp¬ 
tion band near 990 cmr 1 found in the D (—) isomer. From this, it appears 
as if the unknown is L (+) threonine. 

These spectral differences observed in the case of d- and /-isomers were, 
at first thought, quite shocking. It is to be noted, however, that these 
materials were observed in the solid phase, with a spectrometer having some 
inherent polarization of its radiation. Because of the value of such ob¬ 
servations, these studies are being pursued further. 
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Summary 

(11 The infrared spectra of eighteen antibiotic materials have been given. 

i2' The spectra of polymyxin and “Aerosporin” show differences in spite 
of their high molecular weights. 

|3) A fatty acid isolated from polymyxin appears to be similar to but 
not identical with pelargonic acid, showing evidence of more methyl groups 
than the latter. 

(41 D (+)- a, 7 -diaminobutyric acid has been identified as a breakdown 
product of polymyxin. 

(5) D-serine has been identified as a hydrolysis product. 

(6) L (+) leucine has also been obtained. 

(71 L (+) threonine has been identified as a material isolated from poly¬ 
myxin. 
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PHARMACOLOGY OF POLYMYXIN* 


By Morton S. Bryer, Emanuel B. Schoenbach and Eleanor A. Buss 

Department of Preventive Medicine , The Johns Hopkins University School of Medicine , 

Baltimore , Maryland 

Polymyxin (B-71) is an antibiotic derived from cultures of Bacillus 
polymyxa. 1 ” 4 Its activity appears to be restricted to certain gram-nega¬ 
tive species of bacteria. Aerosporin 5-7 is a similar antibiotic derived from 
B. aerosporus Greer. It is the purpose of this presentation to describe 
some of the pharmacological studies which have been performed on experi¬ 
mental animals. 

Toxicity . The acute toxicity of polymyxin was determined for albino 
Swiss mice by single subcutaneous injection and the L.D. W was 250 to 300 
mg./kg. A one per cent solution of drug was used and occasional loss of 
fur and skin irritation at the injection site was noted with doses above 200 
mg./kg. Deaths occurred within 6 hours with scratching of the head, 
ataxia, convulsions, paralysis, and respiratory arrest. Intraperitoneal in¬ 
jection of 250 to 275 mg./kg. produced convulsions followed by paralysis 
and death in 5 to 20 minutes. Stansly, Shepherd, and White 2 also recorded 
an L.D.ao of 300 mg./kg. in mice receiving a single subcutaneous dose. 

Table 1 reveals, in the outlined area, the doses of polymyxin in mg./kg. 


Table 1 

Acute Toxicity op “Polymyxin” in Mice Injected with a Single Dose* (Lot No. 

7-7795) 


No. of mice 
in group 

Dose of “poly¬ 
myxin” (sub¬ 
cutaneously) 
mg./kg. 

Deaths within 6 hours 

Survivors 7 days 

No. 

Per cent 
total 

No. 

Per cent 
total 

10 


50 

0 

0 

10 

100 

10 


100 

0 

0 

10 

100 

10 


200 

2 

20 

8 

80 

20 

■ 


■m 

55 

9 

45 

10 

■ 



50 

5 

50 

20 

■ 


■91 

50 

10 

50 

10 


350 

7 

70 

3 

30 


At toxic doses, symptoms noted were: ruffling of fur, ataxia, paralysis of hind legs, clonic convulsions, and 
respiratory depression. 

* Albino swiss mice weighing 18-22 grams. 


resulting in a mortality of 50 per cent in mice. Another lot tested had an 
L.D.so of 400-500 mg./kg. 

As indicated in table 2 , dogs survived single, rapid intravenous injec¬ 
tions of 10 and 15 mg./kg., administered over a period of 5 to 20 seconds. 
The 10 mg./kg. dose was associated with only transient dilatation of the 

* These investigations were supported by grants received from Abbott Laboratories, Lcderle Laboratories, 
Parke, Davis and Company, and the Upjohn Company. 
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Table 2 

Toxicity of “Polymyxin” in Dogs 
Intravenous administration 


Dosage 

mg./kg. 

l 

Dosage schedule 

i 

Total dose 
“polymyxin” 
mg. 

Results observed 

1° 

Rapid single injec¬ 
tion 

Rapid angle injec¬ 
tion 

62.0 

Dilated pupils, survived 8 days 4* 

15 

1 94.5 

Dilated pupils, paralysis of hind legs, 
incontinence. Survived 8 days + 

25 

Rapid single injec¬ 
tion 

130.0 

Convulsions, ascending paralysis, res¬ 
piratory arrest. Death in 20 minutes 

35 

Slow 0.25 m$. per 
kilo per minute 
(pentobarbital 
anesthesia) 

255.5 

Respiratory depression, generalized flac- 
ddity. Death at 150 minutes 


pupils. Five seconds after receiving IS mg./kg., a dog developed dilated 
pupils, scratching of the head, paresis of the hind limbs, and tremor. In¬ 
continence and slowing of respiration followed. However, the animal re¬ 
covered quickly and completely. Rapid injection of 25 mg./kg. was 
followed in 5 seconds by generalized convulsions, ascending paralysis, in¬ 
continence, and coma. In 7 minutes, apnea developed although heart 
pulsations remained of good quality. Death occurred in 20 minutes. 
Continuous intravenous drip administration at the rate of 0.25 mg./kg. 
per minute resulted in paralysis, apnea, and death when 35 mg./kg. had 
been given to a dog under light anesthesia. 

Doses of 5 and 10 mg./kg. given intramuscularly twice daily for 7 days 
were tolerated by dogs with only occasional sneezing and scratching of the 
head. No weight loss was noted for one week following the last injection. 
Thus, large total amounts of drug produced no marked toxicity when ad¬ 
ministered over comparatively long periods of time. 

Intrathecal injection of 1 mg. in the anesthetized dog was associated with 
no untoward reaction, while 5 mg. was followed by a transient paresis of 
the hind limbs which disappeared in one day. Administration of 10 mg. 
produced a similar muscular weakness which cleared completely over a 
10-day period and was associated with a 2 plus Pandy reaction in the spinal 
fluid. In these experiments, the polymyxin was injected in 2 cc. of buffered 
saline, pH 7.4, diluted with 2 cc. of spinal fluid and given over a period of 
5 to 10 minutes. 

Young female rats observed to have no albuminuria detectable by pre¬ 
cipitation with 12 per cent trichloracetic acid, and no casts, were given 20 
mg./kg. of polymyxin in single daily subcutaneous doses. Within 24 
hours of the first injection, epithelial cells, cellular casts, and albumin were 
found in abundance in the urine. The specific gravity was noted to fall 
markedly but the urinary output was maintained and usually increased. 
The albuminuria and casts tended to decrease although the drug was con¬ 
tinued. Simultaneous administration of a single subcutaneous dose of 
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Table 3 

Toxicity of “Polymyxin” in Dogs 


Dosage 
mg. -kg. 

Total dose 

Dosage schedule “polymyxin” 1 
1 mg. I 

I Results observed 

l 


Intramuscular administration 

5 

Twice daily for 7 1 441.0 l 

Scratching of nose and ears following 


days 1 

1 i 

occ. injection. No toxic reaction 7 


days after last dose. Survived 

10 

Twice daily for 7 868.0 | 

days 1 

u 


Intrathecal administration 

_ 

— 1 1.0 

No apparent reaction 

— 

— | 5.0 

Transient paresis of hind legs 

Paresis of hind legs. Improvement over 

— 

— i 10.0 


1 

10-day period 


crystalline ^/-methionine 50 mg./kg. with the first injection of polymyxin 
and also as 1.0 per cent of the diet, or 1 gm./kg./day, did not prevent the 
urinary changes noted. No decrease in the hemoglobin or weight of the 
animals was observed. 

Microscopic examination* of the kidneys of mice, dogs, and rats receiving 
polymyxin revealed damage to the tubular epithelium. Rats and dogs 
received 20 mg./kg. in a single daily subcutaneous dose for 4 days. Au¬ 
topsy was performed on the fifth day. Microscopic sections of the kidneys 
showed occasional casts, and regeneration of tubular epithelium. Oral 
and subcutaneous doses of methionine, more than 50 times those of poly¬ 
myxin, did not prevent these changes. Mice were given 250 to 350 mg./kg. 
in a single subcutaneous injection and sacrificed 48 hours later. The 
kidneys of these animals revealed marked necrosis of tubular epithelium 
and cast formation. 

Levels in Body Fluids. Ninety minutes after single intramuscular doses 
of 5 and 10 mg./kg. in dogs, serum levels of 2.5 and 5.0 gamma/cc. were 
obtained. Three and a half hours after these injections, serum contained 
2.5 and 1.25 gamma/cc., respectively. Levels obtained were approxi¬ 
mately 4 times higher when dogs had been maintained on these doses 
twice daily for 7 days. These animals had considerable levels for a 5-hour 
period following the last injection. At the end of 23 hours, practically 
all the polymyxin had been eliminated from the serum. 

Despite high blood serum levels obtained in dogs by both intravenous 
and intramuscular administration, no polymyxin was detected in the spinal 
fluid. This is noted at the top of table 5, where blood serum levels greater 
than 320 gamma/cc. were associated with a spinal fluid in which no poly¬ 
myxin was detected. Likewise, a dog received 5 mg./kg. twice daily for 
2% days, and although the blood serum contained 2.5 gamma/cc., no poly- 

* Microscopic sections -were prepared and their interpretation corroborated by Dr. Tobias Weinberg, 
Pathologist, Sinai Hospital, Baltimore, Md. 
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Table 4 

Assay tor “Polymyxin” in Body Fluids in Dogs 


Dosage schedule 


Specimen examined 


Interval post last 
injection 


Level of 
“Polymyxin”, 
gamma/cc. 


Intramuscular administration 


5 mg. /kg. single dose 

Serum 

90 minutes 

150 minutes 

210 minutes 

2.5 

2.5 

2.5 

10 mg./kg. single dose 

Serum 

90 minutes 

5.0 



150 minutes 

2.5 



210 minutes 

1.25 

5 mg. kg. b.i.d. for 7 days 

Serum 

15 minutes 

10.0 



30 minutes 

20.0 



60 minutes 

20.0 



180 minutes 

10 0 



5 hours 

2.5 



23 hours 

0.0 

10 mg./kg. b.i.d. for 7 days 

Serum 

15 minutes 

20.0 



30 minutes 

20.0 



60 minutes 




180 minutes 




5 hours 

2.5 



23 hours 

0.125 

5 mg./kg. b.i.d. for 5 injec¬ 

Serum 

65 minutes 

2.5 

tions 

Sp. fl. i 

65 minutes 

0.0 


T\ble 5 

Assay por “Polymyxin” in Body Fluids in Dogs 


Dosage schedule 

Specimen examined 

Interval post last 
injection 

Level of 
“Polymyxin”, 
gamma/cc. 

Intravenous Administration 

Continuous drip 0.25 mg./ 
kg. per minute 

Serum 

Sp. fl. 

150 minutes 

150 minutes 

320.0 

0.0 

Intrathecal Administration 

1 mg. Li-Ls 

Sp. fl. 

45 minutes 

225 minutes 

10.0 

0.3 

5 mg. asternal 

Serum 

Sp. fl. 

25 minutes 

200 minutes 

15 minutes 

295 minutes 

1.25 

0.625 

500.0 

20.0 

10 mg. asternal 

Serum 

Sp. fl. 

20 minutes 

125 minutes 

15 minutes 

120 minutes 
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myxin could be determined in the spinal fluid. Brownlee et aL 6 also re¬ 
ported that Aerosporin did not pass from blood to spinal fluid in normal 
animals. 

Intrathecal administration of 1, 5, and 10 mg. resulted in spinal fluid 
levels of 10 to 500 gamma /cc. which fell to 0.3 to 20 gamma/cc. in 2 to 5 
hours. Blood levels of 1.25 to 0.6 gamma cc. were obtained following 
intrathecal doses of 5 and 10 mgms. 

Therapeutic Effectiveness. As indicated on the chart, a single subcuta¬ 
neous injection of 1 mg./kg. of polymyxin protected the majority of mice 
infected intraperitoneally with 1000 lethal doses of Klebsiella pneumoniae 
type A* and Hemophilus influenzae type b. This dose was notably more 
effective than 1 mg./kg. of streptomycin in these experiments and pro- 


H INFLUENZA b IOOO LOS IP K PNEUMONIAE A 1000 LOS I P 



DAYS AFTER INFECTION 


Figure 1 . Comparison of polymyxin and streptomycin. 20 mice were used at each dosage level. Al¬ 
bino Swiss mjce, 18-22 grams. 

tected as well or better than 5 mg./kg. In another experiment, using 
twice the inoculum of K. pneumoniae , 1 mg./kg. of polymyxin gave as much 
protection as 10 mg./kg. of streptomycin. However, it is to be noted that 
100 mg./kg. of polymyxin given subcutaneously in mice were unable to 
protect them from an intraperitoneal infection with gram-positive Pneu¬ 
mococcus type I. 

Blood Cultures. Ten mice were infected with 1000 LD’s of K. pneumoniae 
and cultures were taken from the tail blood at 2, 4, and 18 hours. Blood 
cultures, 2 hours post infection, were positive in all animals. At this time, 
5 mice were given a single subcutaneous injection of 50 mg./kg. of poly¬ 
myxin. All of the controls had positive cultures at 4 and were dead at 18 
hours post infection. The 5 mice receiving the polymyxin had negative 
cultures at 4 and 18 hours, and 100 per cent survived for 6 days. 

* K. pneumoniae type A, extremely virulent for mice, was obtained from Dr. H. J. White. 
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Table 6 

Effect of Polymyxin on Blood Cultures 


Blood cultures 



1 

1 Dose 

Route of 
administration 

I " 

Infection 

Per 

cent 

Mouse 

Drug 

mg./ 

kg. 

1 

Hours after 

i 

2 

4 

1 18 

i 

sur¬ 

vivors 



l 

Treatment 

6 days 



i 

1 


0 

2 

16 


1 

Polymyxin 

| 50 

Subcutaneously 

Mice infected in- 

4“ 

— 

— 

100 

2 

Polymyxin j 

1 50 

Subcutaneously 

traperitoneally 

+ 

— 

— 


3 

Polymyxin ( 

50 

Subcutaneously 

with 1000 LD’s 

+ 

— 

— 


4 

Polymyxin i 

50 

Subcutaneously 

of K. pneumo¬ 

+ 

— 

— 


5 

1 

Polymyxin 

1 

50 

Subcutaneously 

niae type A and 
treatment de¬ 
layed 2 hours 

I 




1 

Control 

I _ 

_ 

Mice infected in- 

+ 

+ 

Dead 

0 

2 I 

1 Control 

— 

— 

trap eritoneally 
with 1000 LD’s 

+ 

+ 

Dead 


3 

I Control 

— 

— 

+ 

+ 

Dead 


4 

Control 

— 

— 

of K . pneumo¬ 

4- 

+ 

Dead 


5 

! 

Control 

1 1 



niae type A and 
untreated 

+ 

J 

+ 

Dead 



% 

SURVIVAL 



DAYS AFTER INFECTION 

Figote 2. Time interval between infection and treatment. Mice infected with K. pneumoniae A, 1,000 
JJj s, treated with polymyxin subcutaneously. 20 mice were used at each dosage level. Albino Swiss mice. 
1&-22 grams. 


Delay in Treatment . Delay in treatment of 3 or 6 hours following intra- 
peritoneal infection with 1000 LD’s of K, pneumoniae resulted in a reduction 
in the number of survivors as seen in the chart. Increasing the dose from 
1 to 2 mg./kg. did not overcome the effect of delay in treatment. 
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Initial Dose . A single initial dose of polymyxin was more effective than 
the same amount given in divided doses. One mg./kg. of drug at the time 
of infection with 1000 LD’s of K. pneumoniae protected 85 per cent of the 
mice. One-half mg./kg. immediately and 0.5 mg./kg. given in 3, 6, or 
25 hours protected 70, 65, and 55 per cent, respectively. A quarter of a 
mg./kg. given immediately and in 3, 6, and 24 hours after infection resulted 



Figure 3. Variation of dose schedule. Mice infected with K. pneumoniae A. 1,000 LD’s, treated with 
polymyxin subcutaneously. 20 mice were used at each dosage level. Albino Swiss mice, 18-22 grams. 



Figubs 4. Routes of administration of polymyxin (Infection of mice with K pneumoniae A, 1,000 LD’s) 
20 mice were used at each dosage level Albino Swiss mice, 18-22 grams 

in only 5 per cent survivors. As suggested by in vitro experiments, the 
initial blood level may play an important role in therapy. 

Routes of Administration . Different routes of a dmini stration of poly¬ 
myxin were utilized in mice infected intraperitoneally with 1000 LD’s 
of K. pneumoniae . Subcutaneous injection of 5 mg./kg. immediately 
following infection resulted in the highest percentage of survivors. Gastric 
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intubation of 50 mg. kg. immediately after infection and repeated daily 
for 3 doses resulted in 70 per cent survivors. Communal feeding of 20 mg. 
per cent of polymyxin mixed in the standard diet and fed 2 days before and 
5- days after infection appeared ineffective. On the basis of the average 
daily intake of 5 grams per mouse, this diet should have supplied approx¬ 
imately 50 mg. kg., mouse, day. 

Comparison of Polymyxin and Streptomycin . In this last figure, one may 



w 


Figttee 5. Comparison of delayed treatment of mice (intraperitoneal infection with K. pneumoniae, 
10,000 LD’s). 20 mice were used at each dosage level. Albino Swiss mice, 18-22 grams. 


see represented graphically the comparative protection achieved with 
polymyxin and streptomycin given in a single subcutaneous injection im¬ 
mediately, 3 hours, and 5 hours after infection. Fifty mg./kg. of poly¬ 
myxin injected 5 hours following intraperitoneal infection with 10,000 
LD’s of K. pneumoniae was needed to give as much protection as 1 mg./kg. 
administered immediately after infection. Fifty mg./kg* of streptomycin 
resulted in no survivors when given 5 hours post infection. 

Summary 

The acute toxicity of polymyxin was determined for mice by single sub¬ 
cutaneous injection, and the L.D. 5 o was 250 to 300 mg./kg. for one lot and 
400-500 mg./kg. for another. 

Subcutaneous injections of 20 mg./kg. of polymyxin in young female 
rats was followed by albuminuria, cellular casts, and low specific gravity of 
urine. No decrease in weight or hemoglobin was noted. Microscopic 
sections revealed damage to the tabular epithelium of the kidneys. 

The toxicity was greater when the drug was administered by rapid in¬ 
travenous injection than when a slow intravenous injection was employed. 
Both methods appeared more toxic than the subcutaneous or intramuscular 
routes. 

Adequate blood levels are readily obtained by subcutaneous and intra¬ 
muscular injection. Polymyxin was slowly eliminated from the serum and 
tended to accumulate when 5 or 10 mg./kg. were administered twice daily. 

Polymyxin does not seem to pass from the blood to the spinal fluid in 
normal animals. 
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Blood levels were obtained when polymyxin was administered intra- 
thecally. Cisternal injection of 10 mg. in 0.25 per cent solution appeared 
to be irritating. 

Subcutaneous administration was more effective in protecting mice than 
intubation. Communal feedings appeared to be ineffective. 

The initial blood level may be an important factor in therapy. 

While polymyxin is more toxic than streptomycin by weight, it is con¬ 
siderably more effective in the experiments performed. 
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IN VITRO STUDIES OF POLYMYXIN* 


By Eleanor A. Buss, Caroline A. Chandler, and Emanuel B. 

SCHOENBACH 

Department of Preoentiie Medicine, The Johns Hopkins l niveisity School of Medicine, 

BaJHmorey Maryland 

Studies of the in zitro activity of polymyxin have been in progress at 
this laboratory since October, 1947. The preparation used is the hydro¬ 
chloride of the partially purified concentrate, supplied by the Lederle 
Laboratories Division of the American Cyanamid Co., in 20-mg. ampoules 
labeled fc *B 71 Hydrochloride.” Observations have been made on the 
stability of the agent to heat and changes in the hydrogen ion concentra¬ 
tion, its range of action and potency, and its effect upon the growth of 
Escherichia coli . The likelihood of the development of drug fastness to 
polymyxin has been investigated. A method has been devised for assay¬ 
ing the concentration in body fluids and a search for antagonists has been 
started. 

Environmental Factors. The medium used in most of the tests about to 
be described was Difco Heart Infusion Broth with 0.05 per cent dextrose 
added, but the constitution of the medium appears to be unimportant in 
titrations with polymyxin. The end-points are not raised by the presence 
of serum in the tests. In fact, with serum they have averaged somewhat 
lower in 17 instances when comparisons were made. However, heating 
polymyxin in the presence of serum does result in a raising of the end-points 
as much as 8 times, the average in 20 tests being 4.3 times. On the other 
hand, the agent, at pH 7.2 in broth or salt solution, appears to be quite 
stable to heat, there being little or no change in activity after it has stood 
at room temperature or in the 37°C. incubator for 18 hours, after heating 
at 56°C. for as much as 4 hours or after treatment in a boiling water bath 
for 10 minutes. Nevertheless, it keeps best, over long periods of time, in 
an acid environment in the deep freeze, — 20°C. 

The loss of activity upon heating in the presence of serum is not only 
puzzling, but also inconvenient. The sera of human beings and animals 
often contain antibodies for gram-negative bacteria which confuse the read¬ 
ings, and which must be eliminated by heating the sera at 56°C. for 30 
minutes. In assaying for polymyxin in the blood, it is, therefore, essential 
to prepare a standard in serum and to heat it at the same time as the un¬ 
known sera. After heating, the standard and the unknown are diluted 
out in broth, in serial two-fold dilutions of | cc. each, and the tubes are 
inoculated with § cc. of a 1:10,000 dilution of a 20-hour old culture of 
E. coli. The titrations are read at 18 to 22 hours. The least amount of 
polymyxin which can be detected in this way is 0.62 to 1.25 Mg./cc. 

* These Investigations were supported by grants received from Abbott Laboratories, Ell Lilly and Com¬ 
pany, Lederle Laboratories Division, Parke, Davis and Company, and the Upjohn Company. The authors 
are indebted to Dr. Norman Weisman and Miss Jean Fisher ior the Lipositol, which they prepared, and to 
Mrs. Eli zabeth Burr for technical assistance in the first part of the study. 
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In broth, without serum, the end-points are quite reproducible. Ninety 
per cent of the times in our tests the last clear tube has been either the one 
containing 0.31 iig./cc. or that containing 0.156 Mg./cc. We have however, 
encountered “skipping,” illustrated in table 1 , with considerable frequency. 

Table 1 

“SKIPPING ,, --AN IrREGUX 4JRITY OBSERVED IN THE COURSE OP TlTRATIONS OP POLY¬ 
MYXIN by the Broth Dilution Method 
Test organism: E. colt, 24-hour reading 



| Concentration of polymyxin mg./cc. 

S.O 

2.5 

1 1.25 

( 0.62 

0.31 

10.156 1 

0.08 1 

0 


Usual result 

_ 

— 

1 

1 _ 

_ 

+ ' 

+ 

+ 


Occasional result 


— 

1 - 

+ 

— 

+ | 

+ 

+ 



0.7 

0.6 

| 0.5 

,04 

0.3 

1 0 * 2 | 

0.1 i 

0 


Usual result 

_ 

— 

1 - 

| - 

— 

1 + , 

+ 

+ 


Occasional result 

— 

+ 

i + 

1 - 

— 

1 + ' 

+ ! 

+ 


Since the skip always occurs above the usual end-point, it is evident that it 
is not caused by the presence of an enhancing substance in the dear tube. 
The possibility was entertained that the growth in the “false positive” 
tube might be the result of resistant organisms growing out. However, 
titrations with these organisms showed that they were as sensitive to 
polymyxin as the parent culture. Moreover, all attempts to encourage 
the development of resistance to polymyxin in normally sensitive strains 
have ended in the same failures in this laboratory as have been noted by 
other investigators. 1 Polymyxin has not given rise to resistant variants. 

Since the phenomenon of “skipping” was not caused by the outgrowth of 
resistant organisms, nor by the presence of additional antibacterial sub¬ 
stances in the dear tube, it seemed that it must be due to the presence, in 
the “false positive” tube, of material which interfered with the activity of 
polymyxin. Investigation of possible contaminants in the test tubes finally 
showed that soap was the probable culprit. The anti-polymyxin effect of 
soap will be described in greater detail. It is enough to say here that, when 
special pains were taken with the rinsing of the laboratory glassware, the 
frequency *of “skipping” was greatly reduced. 

Although titrations with polymyxin are not affected by differences in the 
medium, they are extremely sensitive to differences in the size of the in¬ 
oculum. As shown in itgure 1, the amount of polymyxin required to 
suppress the growth of E. coll increases two-fold for every hundred-fold 
increase in the inoculum for inocula below 0.1 cc. of culture (per 10 cc. of 
broth), but an inoculum of 0.1 cc. requires for inhibition four times as much 
drug as an inoculum of 0.01 cc., and an inoculum of 1 cc. requires 8 times as 
much as 0.1 cc. A standard inoculum of approximately 200,000 organisms 
per cc. has therefore been adopted in this laboratory. It is achieved by 
the use of 0.1 cc. of a 1:1000 dilution or 0.5 cc. of a 1:10,000 dilution in tests 
in which the final volume is 1 cc. 
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INOGULUM-cc. 

Figuri; 1. Minimal inhibitory concentrations of polymytfn for increasing inocula of E. coli. 

Range of Action . The observation of others 2 that polymyxin is active in 
low concentration against a number of gram-negative bacteria has been 
confirmed. In table 2 are shown the minimal inhibitory concentrations 


Table 2 

Minimal Inhibitory Concentrations of Polymyxin for Various Gram-Negative 

Bacteria 


Organism 

No. of strains 

i Polymyxin fig./ cc. 

Aerobacter 

5 

0 3 

Aerobacter 

1 

1 0 6 

Aerobacter 

1 

i 1.2 

E. coli 

2 

1 0.3 

E, communior ? 

1 

I 2 5 

“ Paracolon” 

1 

| o!l6 

E. typhosa 

! i 

0.08 

K. pneumoniae , 

! 3 

' 0.3 

Ps. aeruginosa 

3 

2.5 

infiuenaae 

! 

1 1 

0.3 

Proteus vulgaris 

! i 

50.0 

Proteus vulgaris 

, 2 

more than 100 

Meningococcus | 

1 

more than 30 


fori to 7 strains of several genera. The only resistant bacteria encoun¬ 
tered were the 3 strains of Proteus vulgaris and the Meningococcus. The 
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test with the last organism, however, is not comparable to the others be¬ 
cause it was made on a solid medium while the others were run in broth. 

Mechanism of Action . Titrations with polymyxin are remarkable for 
the stability of the end-points. Prolonging the incubation time of the tests 
rarely results in an upward shift of the reading, and sub-cultures from the 
tube cont a i nin g the minimal inhibitory concentration of the drug usually 
show no viable organisms. These observations suggested that polymyxin 
is bactericidal in its action and not merely bacteriostatic. To determine 
this point, studies were made of the effect of the agent upon the rate of 
multiplication of E. coli. Ten-cc. lots of broth containing various amounts 
of polymyxin were inoculated with 0.1 cc. of a 1:100 dilution of a 
20-hour-old culture. After thorough mixing, plates were poured immedi¬ 
ately and after 1, 3, 6, and 24 hours of incubation, and the colonies were 
counted. 

The results of one such test are shown in figure 2. As little as 0.05 



jug./cc. polymyxin had a definite effect upon the rate of multiplication of 
E. coli ; at 3 hours there were only one-hundredth as many organisms pres¬ 
ent as at the start. The effect of 0.1 ptg./cc. was more pronounced, 99.9 
per cent of the bacteria having disappeared in the first hour. As with the 
smaller amount of polymyxin, however, the remaining viable organisms, 
about 200 per cc., recovered and, within 24 hours, growth was as heavy in this 
culture as in the drug-free control. In the presence of 0.2 jug ./cc, the 20 
organisms per cc, which were still alive at 1 hour had disappeared in 3 hours, 
and plates poured at 24 hours with 0.1 cc. continued to show no growth. 
The speed with which polymyxin acts is striking. When larger amounts 
of the agent are used, one often finds that half the bacterial population has 
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disappeared before one has made the initial plate. Such rapid action sug¬ 
gests that it is not necessary for the bacteria to be dividing in order to be 
susceptible to the drug. However, comparative growth studies carried 
out at 37°C. and at 10°C showed (figure 3) that, while polymyxin has a 



slight effect in the cold, it is very much less than that observed in the usual 
tests at 37°C., and also indicated that, like the other antibiotic agents, poly¬ 
myxin acts only on the dividing cell. 

On the other hand, that the organisms must not be in too active a phase of 
growth was shown by two other series of observations, illustrated by 
figures 4 and 5. In the first place, it was found that the addition of poly¬ 
myxin at intervals during a growth study had less and less effect the later 
the addition was made, even when precautions were taken to insure the 
presence of approximately equal numbers of bacteria at the various times 
of addition. Then a direct comparison of the effect of the agent on the 
multiplication of equivalent inocula of 3- and 24-hour-old cultures showed 
it to be almost devoid of activity for the young culture. 

The recovery of cultures which, like the old culture containing polymyxin 
shown in figure 5, seem at 3 or 6 hours to be on the way to extinction is 
interesting. It cannot be explained by the outgrowth of resistant vari¬ 
ants, since resistance to polymyxin does not occur, although it might repre¬ 
sent a temporary adaptation to the drug. The question is still unanswered, 
but it led to a search for antagonists to polymyxin, first among bacteria 
and their products and later elsewhere. 

First, it was found that the growth of £. coli in polymyxin, as occurs when 
large inocula are employed, resulted in a loss of activity on the part of the 
agent. A si milar loss was sustained when solutions were treated for 1 
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Fiodse 4. Effect of late addition of polymyxin on multiplication of E coli. 



hour at 37°C. -with washed, resting, saline suspensions of the same organism, 
suggesting that the diminished activity of the drug was the result of its 
adsorption on the bacterial bodies rather than evidence of neutralization 
by a product of bacterial growth. On the other hand, treatment of solu¬ 
tions with a living non-susceptible organism, the C203 strain of hemolytic 
streptococcus, caused no loss of activity whatever. 

Peptone, para-aminobenzoic add, and methionine were tested for an- 




* This concentration of soap inhibited E. coli. 


fered with increasing amounts of polymyxin up to 320 pg./cc. Soap, at 
50,000 jLtg./cc., was itself antibacterial. 

Next, aware that polymyxin was a basic polypeptide 3 and that such sub¬ 
stances are interfered with by phosphatids of the lecithin type, a soybean 
lecithin preparation, Aso-lectin, was tested in much the same manner as 
soap. Finally, tests were made with lipositol, a phospholipid component of 
soybean lecithin. Both of these substances interfered with polymyxin. 
Rather disappointingly, the lipositol was little more effective in this respect 
than the parent substance. However, lipositol is a somewhat unstable 
compound and, although it was used within 24 hours of the time when the 
solutions were prepared, it is possible that it may have lost in activity thr ough 
oxidation. 

In being interfered with by soap, Aso-lectin, and lipositol, polymyxin 
behaves like the kationic detergents. This observation, however, does not 
explain the antibacterial activity of polymyxin. The kationic detergents 
are far more effective against gram-positive than against gram-negative 
bacteria, while polymyxin is active only against the latter. 

Summary 

Polymyxin is an antibiotic agent, effective, in low concentration against 
many gram-negative bacteria. Its activity is not greatly influenced by 
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environmental factors, although heating it in the presence of serum proved 
to be deleterious. It is sensitive to changes in the size of the inoculum. 
Three strains of B. proteus and a single strain of Meningococcus appeared 
to be naturally resistant to the antibiotic, but repeated exposure to it does 
not result in the development of resistance in normally sensitive strains. 

Polymyxin is rapidly bactericidal, but it is more effective at 37,°C. than 
at 10°C., and against old rather than young cultures. Its action is im¬ 
paired by substances which antagonize the kationic detergents. 
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THE PHARMACOLOGY OF POLYMYXIN A, B, AND D 


By George Brownlee, S. R. M. Bushby, and E. I. Short. 

The Wellcome Physiological Research Laboratories, Beckenham , Kent, England 

A pharmacological study of a classical kind, as applied to impure mate¬ 
rials of biological origin, is a hazardous and probably profitless exercise, 
and it is not with this aspect that we propose to deal. Thus, many inter¬ 
esting side effects, often varying from one preparation to another and 
probably associated with impurities, will receive a bare mention. 

Polymyxin A is the antibiotic described by Ainsworth, Brown, and 
Brownlee 1 and Brownlee and Bushby 2 and previously known as “Aero- 
sporin.” It is produced by Bacillus polymyxa strain C.N.1984 and con¬ 
tains the amino acids D-leucine, L-threonine, and L-a , 7 -di ami nobutync 
acid, together with an optically active fatty acid of known chemical and 
physical characteristics, C 9 H 18 O 2 , but, as yet, incompletely characterised. 

Polymyxin B is the antibiotic produced by B. polymyxa strain C.N.1419 
and con tains leucine, phenylalanine, threonine, and diaminobutync acid, 
together with the same fatty acid found in polymyxin A—but perhaps in 
different amount. 

Both differ chemically from polymyxin D (“Polymyxin,” Stansly 
et al . 8 ) in that the latter contains the amino acid, serine, in addition to leu¬ 
cine, threonine, diaminobutyric acid, and the identical fatty acid. Poly¬ 
myxin D contains no phenylalanine. 

The composition of a fourth member, polymyxin C, has been described. 
It differs from the other three in having no leucine but contains phenyl¬ 
alanine, threonine, diamnobutyric acid, and the optically active C»Hi 802 
fatty acid. 

The amino acid composition of the four antibiotics is shown in table 1. 


Table 1 

The Amino Acid Composition of Polymyxin A, B, C and D Derived from Strains 

of B. polymyxa 



, A 1 

B 1 

; c 

D 

Leucine 

1 + 1 

+ I 

i 

+ 

Phenylalanine 

! - 


+ 


Threonine 

4- 

+ 

+ 

+ 

Serine 

— 

— 

— 

+ 

a. , 7 -DiaminobutyTic add 

1 + 

+ 

+ 

+ 


Throughout the present report, the concentrations of polymyxin A are 
stated in terms of “Polymyxin A hydrochloride Standard 1947,” containing 
10,000 “units” per mg. Material of this standard may, for all practical 
purposes, be considered to be the pure hydrochloride. Polymyxin B has 
not yet been obtained as a pure substance and its intrinsic potency is 
unknown. Preliminary studies indicate, however, that its potency will not 
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differ materially from that of polymyxin A. Polymyxin B has, therefore, 
been expressed as “units” of polymyxin A. The assay procedure is the 
short turbidimetric method using E. coli (Brownlee and Bushby 2 ). Poly¬ 
myxin D is referred to in terms of pure antibiotic of 2,000 units per mg. 
(Stansly et al ?). 

In Vitro Antibacterial Activity 

The minimal concentrations of polymyxin A, B, and D which inhibited 
growth of large inocula of a range of organisms were determined by streak¬ 
ing 24-hour old broth cultures of the organisms on nutrient agar incorpor¬ 
ating 2 per cent horse blood and containing two-fold dilutions of the anti¬ 
biotics. Repetition, using the same strains, show slight variation in the 
minimum inhibitory concentration. A typical comparison is given in 


Table 2 

Comparative Minimal Concentrations op Polymyxin A, B, and D Inhibiting 

Large Inocula 
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Table 3 


The Antlb vcteri il Crt eciency of Polymyxin A, B and D, Varying with the Number 
oi Organisms (This Is Less So with D) 


Poly- 

Inoc. 

2 0 

1.0 

0 5 

0.25 

0.125 

0.06 

0 03 

ryyziti 








A 

lu- 

_ 

-f- 

4- 

+ 

+ 

4- 

4- 


10-* 

— 
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— 

+ 

+ 

+ 


10 1 

_ 

_ 

— 
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— 

+ 

+ 


10- 

- 

- 

— 

— 

— 

— 

+ 

B 

10* 

_ 

+ 

+ 

+ 

+ 

+ 1 

1 4- 


10“ l 

_ 



— 

+ 

4- 

4* 


nr* 


_ 

— 

— 

— 

4- 

4 - 


:o-‘ 

- 

- 

- 

— 

— 

— 

-b 

D 

10* 

+ 

+ 

+ 

+ 

+ 

4- 

+ 


IIP* 



+ 

4- 

+ 

4- ’ 

1 + 


in-* 

— 

— 

— 

+ 

+ 

4- 

4- 


Hr* 

— 

— 

— 

— 

+ 

4- 

i + 


for 18 hours. Polymyxin A and B are similarly influenced by the number of 
bacteria present; D is less so. 

In Vivo Antibacterial Activity 

The chemotherapeutic value of Polymyxin A, B, and D was assessed in a 
side-by-side comparison, in groups of mice infected with Gram-negative 
pathogens. 

Haemophilus pertussis. Groups of mice, infected with 0.05 ml. of a 
broth suspension containing 10 7 organisms (Kendrick et a!. 4 ) washed from 
a 48-hour culture on Bordet-Gengou medium and constituting about 10,000 
average lethal doses, die consistently within four to seven days. With 
such groups, the relative chemotherapeutic effects of polymyxin A, B, and 
D were compared for a period of 14 days, during which survivors were 
recorded every second day. A protocol of a typical experiment is repro¬ 
duced in i able 4, in which the average survival time is calculated by adding 
together the number of days survived by each mouse and dividing the sum 
by the number of animals in the group. This table shows polymyxin A 
and B to he similar and to be more effective than polymyxin D. 

Ebcrthella typkosa . Mice infected intraperitoneafly with 0.5 ml. of a 
suspension of Rawlings strain, containing 1000 average lethal doses in 5 
per cent mucin, develop an overwhelming infection, so that most of them 
die within six hours. A typical protocol of a comparison among the three 
antibiotics in these test animals is reproduced in table 5. The antibiotics 
were administered immediately after infection, six hours later, and twice 
daily for the following three days with subcutaneous injections of varying 
doses of the antibiotics. 

Polymyxin B and D show similar protection, and appear to be less efficient 
than polymyxin A. 



955 


BROWNLEE et al.: PHARMACOLOGY OF POLYMYXIN 
Table 4 


Protective Action of Polymyxin A, B, and D to Mice Infected with 10,000 Lethal 

Doses of H . pertussis 


1 

Polymyxin 

1 

Dose | 

No. 

doses | 

No. 

mice 

No. mice surviving 
on day 

Average 1 
survival | 

^ Per cent 
survival 

i 

2 1 

6 

! 8 

14 

rate: days 


mg. 









A 

0.1 

2 

36 

36 

36 

35 

28 

13.1 

77.8 


kesb 

! 6 

66 

66 

66 

65 


13.6 

91.0* 


mm 

1 6 

36 

36 

32 

28 



55.5 

B | 

| 0.1 

6 

6 

6 

6 1 

I 6 

6 

14.0 

100.0 


, 0.05 

6 

11 

11 

11 1 

1 10 

9 

12.9 

81.8 

i 

0.025 

6 

13 

13 

12 ' 

1 8 

l 6 

10.2 


D i 

0.25 

6 

23 

23 1 

23 

23 1 

21 1 

13.7 

91.3 



2 

21 

21 

21 

19 | 

12 ! 

12.3 

57.0 


0.125 

6 

19 

19 

19 

16 ! 

11 

11.8 

57.9 


0.1 

2 

14 

14 

14 

11 

3 

9.6 

21.4 


0.625 

6 

21 

21 

20 

17 

9 

10.6 

43.0 

Lethal controls 

i 

i - 

— 

48 

48 

21 

3 

m 

| 4.9 



Polymyxin A as “pure” polymyxin A 10,000 units/mg. (Brownlee & Bushby*); Polymyxin B in terms of 
A; D as “pure” polymyxin D 2,000 units/mg. (Stansly et al.*). 


Table 5 


The Effect of Polymyxin A, B and D in Protecting Mice Infected with 1,000 
Lethal Doses of E. typhosa 


Polymyxin 

Dose 

No. of 
orgns. 

No. of 
mice 




1 

3 

5 

7 


mg. 







days 


A 

0.1 

5 X 10 7 

18. 

18 

18 

18 

18 

7.0 

! 100 


0.05 

5 X 10 7 

18 

18 

17 

16 

14 

6.4 

i 76.7 

B 

0.1 

5 X 10 7 

18 

17 

13 

13 

13 

5.3 

WBWM 


0.05 

5 X 10 7 

18 

16 

16 

13 

12 

5.5 


D 

0.2 

5 X 10 7 


m 

m 


n 

6.9 



0.1 

5 X 10 7 


m 

M 


■9 

5.6 


Lethal control 


I 5 X 10^ 

18 

1 1 

_I 

_ 

_ 

0.0 

0.0 



5 X 10' 

6 

4 

— 

— 

— i 

1.0 

0.0 



5X1D 1 

6 

3 

3 

3 

3 ! 

3.5 

50.0 


Polymyxin A is ‘‘pure”, 10,000 units per mg. (Brownlee & Bushby 1 ); B is in terms of A; D is “pure* 
2,000 units per mg. (Stansly et al.*). 

Klebsiella pneumoniae . Protection experiments were designed also with 
groups of mice infected intraperitoneally with 10,000 and 1,000 lethal doses 
of K . pneumoniae suspended In 0.5 ml. of 5 per cent mucin. They were 
treated immediately, 6 hours later, and twice daily for the following 3 days 
with subcutaneous injections of varying doses of polymyxin A, B and I). 
Protection against this strain of the organism is not high (table 6), and it is 
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Table 6 

The Effect of Polymyxin A, B and D in Protecting Mice Infected with 10,000 
and 1,000 Lethal Doses or K. pneumoniae 


Polymyxin 

Dose 

Xo. of 
orgns 

No. of 
mice 

Xo. mice surviving, 
on day j 

Average 

survival 

rate: 

days 

Per cent 
survival 

1 

3 

5 

7 










i 

A 

U 1 

5 X 10 s 

6 

5 

1 

1 

1 1; 

1.8 

16.7 



5 X 10 7 

6 

5 

2 

2 

1 11 

3.8 

16.7 


0 05 

5 X 10 s 

6 , 

6 

3 

3 

I 3 

4.0 

50.0 



5 X 10 7 

6 i 

6 

3 

3 

3 I 

1 

4.0 

50.0 

B 

0.1 

5X10 s 

6 

1 1 

1 i 

_ 


0.0 1 

0.0 



5 X 0* 

6 i 

6 

5 1 

4 , 

i 4 

4.8 

66.7 


0.05 

5 X i0 s 

6 

2 

_ 


! 

I 1 

0.0 

0.0 



5 X 10 7 

6 

6 

5 

2 ! 

l 2 J 

3.3 

33.3 

D 

0.2 

5 X 10* 

6 

6 

2 i 

1 

1 1 

2.5 

16.7 



5 X 10 7 

6 

6 

2 , 

2 

2 1 

3.3 

j 33.3 


0 1 

5 X 10 s 

6 

6 

1 

1 

1 1 

2.5 

1 16.7 



5 X 10 7 | 

* ' 

6 

3 1 

3 

2 i 

2.5 

33.3 

Lethal controls 


5 X 10 s 

6 

0 


i 

' 1" 

0.0 

0.0 



5 X 10 7 

1 6 

0 

- 1 

— 

- ' 

0.0 

i 0.0 



5 X 10 6 

6 

6 

2 1 

2 ! 

2 1 

3.0 

33.0 



5 X 10* 

1 6 

6 

4 | 

4 

4 1 

5.0 

j 66.7 


Polymyxin A, in terms of "‘pure” substance, 10,000 units per mg. (Brownlee & Bushby 1 ); B in terms of 
A; D, in terms of “pure” substance, 2,000 units per mg. (Stansly et a/. 3 ). 


evident that the higher infecting dose was overwhelming. Comparison at 
the lower infecting dose shows the relative efficiency of the three anti¬ 
biotics to be close. 

Toxicity 

Acute Toxicity to Mice . The acute toxicity to mice was studied after the 
intravenous injection of varying doses of polymyxin A, B and D into groups 
of 10 animals, weighing 18-20 g. With lethal doses of polymyxin A and B, 
death occurs from respiratory failure in less than two minutes. With near- 
lethal doses there is vasoconstriction, muscular incoordination, and re¬ 
spiratory distress. This stage is followed by clonic convulsions and then 
flaccid paralysis associated with respiratory embarrassment and cyanosis, 
but the animals recover within 10 min utes. 

The symptoms seen with polymyxin D are similar. Differences are that 
recovery may be delayed for 30 minutes or more, the paralysis is much less 
evident, and deaths may be delayed sometimes as long as 30 minutes. The 
acute intravenous toxicities of several batches of polymyxin A and B and 
of three batches of polymyxin D have been determined. Inspection of the 
slopes relating probits corresponding to mortalities and the logarithms of 
the doses used for all three antibiotics show them to be of the same order. 
There is no evidence of more than one agent contributing to the death of the 
mice. 
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The mean intravenous L.D .50 for polymyxin A corresponds to 6.9 mg./kg. 
of “Polymyxin A Standard (1947),” with a range of 4.2 to 13.5, mean of 
estimates on 21 different samples. 

The mean intravenous L.D .50 for polymyxin B corresponds to 6.1 mg./kg. 
of “Polymyxin A Standard (1947),” range 4.2 to 10.7, mean of estimates on 
12 different samples. 

The mean intravenous L.D .50 for polymyxin D corresponds to 11.9 
mg./kg., mean of estimates on 3 samples, with a range of 8.7 to 18.0. 

Acute Toxicity to Mice—Intraperitoneal Route . The acute toxicity after 
injection by the intraperitoneal route was observed in groups of mice, 
the antibiotics being dissolved in 0.4 ml. quantities of distilled water. The 
toxic signs -were essentially similar for all antibiotics and were evident 30 
minutes after injection, with weakness of h »d limbs, followed by shivering 
and loss of temperature control. Clonic convulsions developed in 15-30 
minutes, with respiratory embarrassment, and death from respiratory fail¬ 
ure occurred after 2-4 hours. Recovery from near toxic doses occurs in 
3 to 4 hours. 

The mean intraperitoneal L.D .50 for polymyxin A corresponds to 13.9 
mg./kg. “Polymyxin A Standard (1947)” with a range of 10.5 to 19.0 
for a mean of five samples. 

The mean intraperitoneal L.D.50 for Polymyxin B corresponds to 12.1 
mg./kg. “Polymyxin A Standard (1947)” with a range of 8.7 to 17.5, mean 
of 11 samples. 

The mean intraperitoneal L.D.50 for polymyxin D corresponds to 24.5 
mg./kg., a mean of two samples, range 24.0-25.0. 

Acute Toxicity to Mice—Subcutaneous Route . The acute toxicity after 
subcutaneous injection of the three antibiotics was observed in groups of 
mice. The toxic signs were similar to those observed after administration 
by other routes, but were delayed for 30 minutes to 1 hour. Deaths oc¬ 
curred until 36 hours and the estimates were made at 48 hours. For 
polymyxin A, the mean L.D.50 corresponded to 87.5 mg. per kg. with a range 
of 79.2 to 87.5 mg. per kg. a mean of 3 samples. 

For polymyxin B, the mean L.D.50 was 82.5 mg. per kg. with a range of 

70.5 to 92.4 mg. per kg. for one sample. 

For polymyxin D, the mean L.D .50 was 160 mg. per kg. with a range of 

112.5 to 220.0 mg. for two samples. 

The many-fold differences between the acute toxic doses for these anti¬ 
biotics by the intravenous or intraperitoneal routes, when compared with 
their toxidties by the subcutaneous route, suggests a local tissue fixation. 

Acute Toxicity — Intracisternal — Rabbit, Groups of rabbits injected in- 
tracistemally with polymyxin A contained in 0.25 ml. isotonic buffer show 
respiratory depression and respiratory failure; other central effects appear 
to be absent. 

The average lethal dose appears to be 0.6 mg.'kg. with a range of 0.5 
to 0.75, a mean of 8 observations. 
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Vestibular Function, The injection intracisternallv in rabbits of sub- 
lethal doses of polymyxin A, in the range of 0.3 to 0.5 mg./kg.. reveals no 
evidence of vestibular dysfunction. A temporary, infrequent, rotatory” 
nystagmus, such as follows the injection of sterile saline, is seen during the 
first hour. Thereafter, nystagmus after rotation in the lateral plane is 
normal during periods of 12 days observation. Animals similarly treated 
with 3 mg./ kg. of pure Streptomycin sulfate show, for periods of about 4 
hours, severe respirator}” depression, extensor tremors, stupor, and inabil¬ 
ity to hold the head horizontal, although jerking attempts were made to 
do so. However, other signs of vestibular dysfunction, such as rate and 
duration of nystagmus, were unaltered. 

Circulatory Effects. In cats anesthetized with pentobarbitone sodium, 
traces of depressor substances were detected in impure batch preparations 
of polymyxin A and B. The amount of depressor substance, which is 
readily removed by further purification, is of the order of 0.2 to 3 /zg. equiv¬ 
alent of Histamine per mg. of 50 per cent pure antibiotic. 

Kidney-Damaging Facior. Polymyxin A preparations were shown to 
contain a nephrotoxic principle (Brownlee and Bushby 2 ). Since nephro¬ 
toxic action and purity were not directly related from batch to batch, it 
appeared possible that the principle was not necessarily also the antibiotic. 
Indeed, at the present time, the position remains unproved, yet the purest 
material available to us produces substantial proteinuria in the experimen¬ 
tal animal and in man. Meanwhile, the observation that the closely allied 
pol} r myxin B is free from the nephrotoxic principle, although itself impure, 
offers an alternative explanation for the batch variability. The lesions 
produced by polymyxin A preparations, when studied histologically in the 
rat and guinea pig, appear to be restricted to the distal portion of the con¬ 
voluted tubules. Estimates of the resultant proteinuria, in rats and in 
dogs, have enabled semi-quantitative assays to be made and potential 
antagonists to be tested. In figure 1 is reproduced the relation between 
the logarithm of the dose of polymyxin A administered and the mean weight 
of protein excreted in 72 hours by a group of four rats (Wistar, inbred 
stock), expressed in terms of mg. per 100 gm. of rat. It is to be noted that 
the “normal” rat excreted 0 to 12 mg. protein. This test, which is capable 
of refinement, has proved useful. 

It is known that the nephrotoxic action of DL-serine is due to the un¬ 
natural isomer, Z?-serine (Artom, Fishman, and Morehead 5 ), and the site 
of damage to be the distal portion of the convoluted tubules (Wachstein 6 ). 
Further, Wachstein 7 found DL-methionine and glutathione, but not cys¬ 
teine, thioglycollic acid or 2:3-dithiopropanol to protect against D- serine. 
DL-alanine, glycine, ZXL-threonine, and glycollic, butyric, and pyruvic 
acids gave some protection. 

Brownlee and Short 8 confirmed the effects of these substances in rats 
and dogs by estimating the degree of proteinuria, and have further found 
that substances which antagonize the nephrotoxic action of D-serine also 
antagonize the nephrotoxic activity of preparations of polymyxin A. A 
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Figure 1 The senu-quantitati\e relation between logarithm of the dose of polymyxin A administered 
and the mean weight of protein excreted in 72 hours, by a group of 4 rats, expressed m terms of mg per 100 
gm. rat. The “normal’* excretion is 0-12 mg. 

number of the substances tested are listed in table 7. Unless otherwise 

Table 7 


The Effect of Various Substances on the Nephrotoxic Factor of Polymyxin A 

in Rats 

Dose 1 mg. (10, 000 units) per 100 gm. rat 


Substance 

Protein excreted in 72 
hours, mg./lOO gm. rat 

Glycine, 400 mg. 

24.5 

DL-Alanine, 400 mg. 

30.5 

JL-Cysteine, 400 mg. 

40.0 

DZ-Methionine, 200 mg. 

12.0 

S-Methyl-L-Cysteine, 200 mg. 

15.X 

2:3-Dithiopropanol, 10 mg. 

Protein hydrolysate horse muscle 

55.0 

Parenterally, 100 mg. 

| 17.4 

Orally, 5 gms. 1 

1 17.0 

In diet, 50 mg. daily for 4 days 1 

1 14.0 

In diet, 1 gm. for one day 

Polymyxin A alone 

1 16.5 

58.8, 57.5, 62.0 

Controls 

11.4,12.3, 8.0 


stated, they were injected parenterally. The most effective protecting 
agent is DL-methionine, followed by S-methylcysteine, then animal pro¬ 
tein hydrolysate. Animal protein hydrolysate is also effective orally and, 
further, protection may be devised prophylactically by the latter means. 
One substance rich in reactive -SH groups, 2:3-dithiopropanol, is ineffec- 
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tive and Z-cysteine gives little protection. Glycine and DX-alanine, which 
contain no sulfur, are intermediate in their protective capacity. 

Protection by methionine is complete in the dog, as illustrated in table 

Table 8 

The Protective ErrECT of Methionine ag ainst the Nephrotoxic Factor 

in Dogs 

Methionine Max. cone, protein in urine in 96 hours 


Dose 0.8 mg. (8,000 units'* per kg. 3-hourly 4 times 


11tg./kg. 

gm./l. 

20 

0 

10 

0 

5 

0 

2.5 

0,0.2 

1 0 

0.8,1.4 

0 0 

0.7, 0.2, 0.3 

Dose 1.0 mg. (10,000 units) per kg. 3-hourlj r 4 times daily for 3 days 

10 

0 

5 

0, 1.0 

2 5 

7.1 

0.0 

5.0, 2.0 


8 , where it is shown that 10 mg. of methionine injected once will protect 
against the nephrotoxic action associated with 1 mg. of polymyxin A given 
4 times daily for 3 days. Complete protection with methionine is not seen 
in man. It is an interesting observation that the tubular damage in man 
appears to be quite temporary. This is illustrated in figure 2, which 
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relates the concentration of protein in urine in gm. per liter to time in days. 
While the stimulus is applied for 5 days in the form of doses of polymyxin A, 
the response is skew; it is at a maximum at about the fourth day. In other 
words, the kidney has been able to mobilize its own repair devices during 
the period of exhibition of the damaging agent. 

Serine is absent from toxic preparations of polymyxin A, and the hydro¬ 
lytic product of the antibiotic and its individual amino-acid components 
(Catch and Jones 9 ) leucine, threonine, and a ., y-diaminobutyric acid are 
not themselves nephrotoxic. 

It may be deduced from these observations that the toxic principle is 
a peptide with an unnatural amino acid make-up, that the lesions arise 
during tubular resorption, and that labile methyl groupings may be in¬ 
volved in the process. 

A Comparison of Kidney-Damaging Effects of Polymyxin A , B, and D in 

Rats 

The total urinary protein excreted by groups of four Wistar rats in the 
72 hours after the subcutaneous injection of 1 mg. per 100 gm. of a number # 
of batches of polymyxin A was compared with that produced by a standard 
batch “A 1 P 48,” and a control group receiving saline. 

There has been listed, in table 9, an index of the nephrotoxic effect of 


Table 9 

Nephrotoxic Principle Associated with Polymyxin A 


Batch 

Units/mg. 

Wt. protein excreted mg. 

Test 

Standard j 

Control 

First Hydrochloride 

2 

5,250 

164 

335 

55 

12 

3,400 

300 

129 

9 

23 

5,612 

323 

235 

52 

24 

4,800 

540 

1 235 

52 

36 

6,000 

180 

298 

48 

37 

4,000 

438 

209 

44 

85 

5,000 

146 

i 107 

27 

104 

6,500 

247 

130 

37 

105 

5,900 

204 

1 130 

| 37 

106 

5,500 

176 

i 130 

| 37 

Hydrochloride Prepared from Successive Helianthate Fractions 

256 

8,750 

148 

f 280 

75 

257 

5,330 

234 

, 280 

1 75 

258 

8,320 

235 

1 280 

75 

259 

1 6,960 

135 

280 

I 75 

260 

| 2,430 

236 

280 

! 75 


Hydrochloride Prepared from Successive Reineckate Fractions 


54 

7,940 1 

214 1 

238 

49 

55 

8,260 i 

116 

238 , 

49 

56 

8,500 , 

139 

238 

49 

57 

7,460 

234 

238 | 

49 
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ten representative plant-scale batches of polymyxin A. Following these 
are five hydrochloride fractions obtained by the successive helianthate 
fractions of one batch of the antibiotic. It is to be noted that there is no 
direct relation between impurity and nephrotoxic action. An alternative 
reineckate fractionation, also given, shows no diminution in nephrotoxic 
activity with purification. Even though preparations 256 and 56 are to 
be considered of only 90 per cent purity, it must be considered a possibility 
that the nephrotoxic property associated with polymyxin A is an intrinsic 
property. 


Table 10 

Comparison between the Nephrotoxic Properties Associated with Polymyxin 
A, B, AND D IN THE RAT 

Mean Weight of protein excreted per rat, in a group of four, in 72 hours 

Wt. protein excreted mg. 



“ to* 

Test 

Standard 

| Control 

Polymyxin A, Hydrochloride Prepared from Successive Reineckate Fractions 

54 

7,940 

214 

238 

1 49 

55 

8,260 

116 

I 238 

| 49 

56 

8,500 

139 

1 238 

49 

57 

7,460 

234 

, 238 

| 49 

Pohmjxin B, First Hydrochloride 

93 

1,200 

24 

173 

39 

108 

2,800 

89 1 

132 

52 

109 

2,900 

14 

! 263 

35 

120 

1.600 

48 

i 168 

45 

121 

| 2,660 

61 1 

168 

45 

123 

4,500 

44 

1 168 

i 

I 45 

Polymyxin D 


1,000 

147 

1 73 

12 


1,000 

210 

260 

35 

11 Stansly et al 3 2,000 u mg 



When a comparison is made between polymyxin A, B, and D, it is ob¬ 
served that Polymyxin B causes no significant change in proteinuria in the 
rat, while polymyxin A and D cause a marked increase. 

Renal Toxicity in Rabbits. (Comparison between polymyxin A and B). 
Rabbits given 3-hourly subcutaneous injections of 3 mg., 30,000 units per 
kg., four times daily for three days show no significant increase in protein¬ 
uria in the case of those given polymyxin B. Those treated with poly¬ 
myxin A show a peak excretion of protein at 24 to 48 hours. A micro¬ 
scopical examination of the urine of rabbits given polymyxin B shows no 
casts and only an occasional renal cell, in contrast to those given polymyxin 
A, which showed the presence of renal cells and casts at the 24- and 48-hour 
periods, and renal cells at 48 and 72 hours. 

Histological Examinaion. Rabbits numbered 1006 and 1010, receiving 
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critical experiment in view of the known nephrotic tendency of the dog. 
As with the rat and rabbit, it is observed that polymyxin B differs from 
polymyxin A in causing no significant degree of damage. The peak ex¬ 
cretion of protein is at 48 to 72 hours. 

The microscopic examination of the urine of the treated dogs shows the 
presence of many renal cells but only occasional casts in animals treated 
with polymyxin A, and no or only occasional renal cells in the case of dogs 
treated with polymyxin B. 

Histological Examination of Kidneys . Dogs treated with polymyxin A 
show severe acute nephrosis. Dog number 18 is a typical example (fig¬ 
ure 3). The secretory epithelium is seen in all stages of disintegration; 



Figchf 3. Kidney section from a dog tXo. 18) treated v, ith 10,000 units per kg of polymyxin A 4 times 
dailj for 3 days. X405 Stain Picromallory There is severe acute nephrosis. The secretory epithelium is in 
all stages of disintegration; cells are shrunken, and there are large numbers of granular, hyaline, and cellular 
casts. There is no apparent glomerular damage apart from a slight swelling of tuft epithelium. 

cells are shrunken rather than swollen; large numbers of granular, hyaline, 
and cellular casts are seen. There is no apparent glomerular damage apart 
from possibly slight swelling of tuft epithelium, which, however, is also 
seen in the “normal” dog. There is also seen a little active, acute and 
chronic, focal interstitial nephritis. 

In dogs treated with polymyxin B, the only abnormalities observed in 
the histology of the kidney were a mild hyaline droplet degeneration of 
convoluted tubular epithelium and occasional foreign-body (round-worm 
larvae) granulomata (see figure 4). Similar changes were observed in 
controls. 
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Figure 4 Kidney section from a dog (No 20) treated with 10,000 units per kg. of Polymy\m B 4 times 
daily for 3 days X 360. Stain Picromallory. The only abnormality observed is a mild hyaline droplet 
degeneration of convoluted tubular epithelium. Similar changes were observed in the controls. 


Renal Damage and Urinary Excretion of Polymyxin A and B in Dogs 

Dogs given subcutaneous injections of 1 mg./kg. of polymyxin A excrete 
large amounts of the antibiotic in urine both during and for several days 
after treatment. The greater the kidney damage, the higher appears 
to be the concentration of antibiotic in the urine. 

Similarly, the concentration of polymyxin B found in urine is small, but 
is adequate to sterilize gram-negative organisms (table 13). 

Nephrotoxic Factor 

Enzyme Treatment . Neither the nephrotoxic principle nor the anti¬ 
bacterial activity of polymyxin A or D is affected by digestion with trypsin, 
pepsin or papain. 

Renal Damage and Urinary Concentration in Man . A comparison is 
made, in table 14, of the effects on urinary concentrations of both anti¬ 
biotic and protein in man treated with polymyxin A and varying doses of 
methionine, and with polymyxin B. 

As with the experimental animal, there appears to be a direct relation 
between the extent of renal damage and the concentration of antibiotic in 
the urine. Nevertheless, as we propose to demonstrate, the concentrations 
in urine are adequate to inhibit gram-negative pathogens. 

Polymyxin B; Side Effects . Two apparently related side-effects have 
been observed after the administration-of polymyxin B in experimental 
animals and in man. They are a mild pyrexia, reversible with antipyretic 
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drugs, and a mild local reaction which is of delayed onset. Both have 
proved to be of minor importance and have not proved contraindications 
to the use of the drug. The preparations in use are impure and it is not yet 
possible to indicate drug or impurity. 

Summary 

1. Polymyxin A, B, and D are powerful antibacterial substances selec¬ 
tively active against Gram-negative pathogens. They are chemotherapeu¬ 
tic. 

In experimental infection due to 3, pertussis, polymyxin A is superior 
to polymyxin B, and both are superior to polymyxin D. In the very acute 
infections with E. typhosa and K. pneumoniae , polymyxin A is more ef¬ 
ficient than polymyxin B and D. 

2 . Estimates of toxicity to mice (LJ0.&), by intraperitoneal and intra¬ 
venous routes, show polymyxin D to have one-half to one-third the acute 
toxicity of polymyxin A or B. 

3. Polymyxin A and D causes gross renal damage in the rat, guinea- 
pig, rabbit, and dog. Polymyxin A causes proteinuria in man. 

Polymyxin B produces slight proteinuria under experimental conditions 
but no histological changes in the kidney. It does not cause proteinuria in 
man. 

4. The proteinuria may be prevented partly in the rat and totally in the 
dog by the simultaneous administration of methionine parenterally or orally, 
and by protein hydrolysate orally. 

5. Polymyxin A and B appear in the urine. The concentration is greater 
with A than with B and in the former case is proportional to the damage to 
tubules. 

6 . Two side effects observed in experimental animals with samples of 
impure polymyxin B, a mild pyrexia reversible with antipyretic drugs and a 
local reaction, have not proved contraindications to the use of this anti¬ 
biotic in man. 
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POLYMYXIN: ASSAY PROCEDURES 

By ELwyx T. Reese and G. M. Eisenberg 
J. T. Baker Chemical Company , Phillipsbnrg , Xew Jersey 

At the Philadelphia meeting in 1947, we were much impressed by the 
report on polymyxin given by Dr. Benedict, 1 and with his cooperation we 
undertook a study of this pro mis ing antibiotic. The more the work pro¬ 
gressed, the more interesting and difficult the problems became. It is our 
purpose to present some of the results of that work. 

At that time, a great many procedures had yet to be worked out. The 
dilution assay in use required that the samples be sterilized prior to assay¬ 
ing. This necessitated the use of large numbers of bacterial filters, and 
was a time-consuming operation. Lacking the filters and being averse to 
slow filtrations, we turned to other means, as did Benedict at the same time. 
Apparently, both he and we considered the plate assay method, with dis¬ 
couraging results. Benedict then developed a turbidimetric method which 
is apparently satisfactory', but which he dropped on learning the details of 
the plate method developed at Cyanamid. 

Our solution, though we were unaware of it at this time, was exactly the 
same as used by the English workers. 3 Recognizing that the test organism, 
E. coli (NRRL B-281). was penicillin-resistant and that our strain of B. 
polymyxa would probably be sensitive to penicillin, we set up tests to de¬ 
termine the critical penicillin concentrations. We found that with B . 
polymyxa but slight growth occurred at 0.8 /x./ml. broth and none at 4 
At./ml.; with E. coli (NRRL B-281) growth was good at 20 M*/ml., slight at 
50 jx ./ml.; and with Brucella bronchisepiica (NRRL B-140) growth good at 
20 /x./ml., none at 100 /x./ml. It is apparent that a concentration between 
4 and 20 units of penicillin per ml. will inhibit the development of the B. 
polymyxa in the assay broth and yet permit the development of the assay 
organism, be it E. coli or Brucella bronchisepiica . 

The dilution assay procedure we now employ follows: 

To one liter of Difco Dextrose broth, add 10 ml. of 1 per cent phosphate 
buffer pH 6.8, 10 ml. of stock penicillin solution (1000 /x./ml. in buffer), 
and 1 ml. of a 16-hour culture of E. coli in Trypticase soy broth. Pipette 
into sterile but unplugged test tubes, varying the amount where desired. 
One ml. of unknown is added to the first tube and successive transfers of 
1 ml. made to the remaining tubes. The tubes are covered and incubated 
at 37°C. overnight. The end point is taken as the last clear tube. Each 
unknown is run in triplicate. 

At the time the above procedure was developed, many interfering factors 
were unsuspected. Even now, we wish we knew how to explain some of the 
discrepancies that occur. We found that a different brand of dextrose broth 
was not suitable, the growth of the organism being very poor. We found 
further, that, when we sent one of our samples to other laboratories for 
assay, the results were much different from our own (table 1 ). 

Recognizing the possible effect of medium, we tried usin g Trypticase soy 
broth as our diluting medium, and obtained the same results as Cyanamid, 

968 



REESE & EISENBERG: ASSAY OF POLYMYXIN 


969 


Table 1 

Evaluation or Polymyxin Sample by Dilution Technique in Various 

Laboratories 

(Inhibiting concentration of 
1 P-ll-DAXM w. E. coli* 

-----i- 

Baker assay (Difco broth) I .08 jug./ml. 

Cyanamid assay (Trypticase soy broth) 1.1-1.5 jig. /ml. 

Peoria assay (Trypticase soy broth) t .32 

Baker assay (Trypticase soy broth) I 1.0—1.2 


* E. coli NRRL B-281 used by all but Cyanamid, who used E. coh (McCloud strain), 
t Peoria assay broth contains glycine buffer. 


with whose assay technique ours was now identical. The concentration of 
polymyxin required to inhibit growth of E. coli thus appears to be a func¬ 
tion of the medium. Several tests were run to confirm this point (table 2). 


Table 2 

Comparison of Polymyxin Assay Results on Different Assay Broths 


Test 

1 

Penicillin 
(10 /a/ml.) 

Inhibitory cone, of polymyxin* 
(jig./ml. broth) 

Difco dexrose 1 

broth ■+■ buffer 

Trypticase soy 
broth 

i 

+ 

0.045 

0.9 

11(a) 

— 

0.5 

2.0 

(b) 

+ 

0.12 

0.5 

ID fa) 


0.04 

0.3 

(b) 


0.04 

0.08 


* E. coli as test organism. 


There can be no questioning the fact that the amount of polymyxin re¬ 
quired for inhibition is less in Difco Dextrose broth than in Trypticase 
soy broth. This appears to be correlated with improved growth of the test 
organism in the latter medium, and may be a function of the nature of 
the proteinaceous ingredients of the different products. 

A second factor affecting the results is the presence of penicillin in the 
assay broth (table 2 and 3). It seems that the concentration of pencillin 


Table 3 

Effect of Penicillin on Polymyxin Assay 


Penicillin* (ju/ml. broth) 

Inhibitory cone, polymyxin (jug./ml. broth) 

vs. E. coli 

vs. Br. bronchiseptica. 

0 

3.3 

.33 

1 . 

1.1 

.33 

3. 

— 

.33 

10. 

1.1 

.11 

20. 

.12 

— 

30. 

— 1 

.05 

50 

No growth of E. coli i 



, — sag i s. t." 1 -'- s ■ ■■ ■ Trs asssse ... 

* Amorphous penicillin, J. T. Baker Chemical Co. 
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which we chose to use is a borderline one, the result being that a small 
change in penicillin concentration might give a large difference in assay 
value. This would, in a large measure, account for day-to-day variation in 
our assay results. It would appear that lower concentrations of penicillin 
—about 5-7 jlc. ml.—should be more satisfactory for the regular assay 
procedure. 

It is interesting to speculate as to why the concentration of polymyxin 
required to inhibit is lowered by the presence of penicillin. A similar effect 
was noted between streptothricin and penicillin by Foster and Woodruff, 4 
but such a phenomenon could not be shown for gramicidin and penicillin by 
Herrell and Heilman. 3 Foster and Woodruff reached the conclusion that 
the action was additive and that, therefore, both antibiotics acted on a 
common mechanism. There are many explanations possible which do noi 
assume action on a common mechanism, namely, that the penicillin may 
assist the polymyxin by any one of the following means: 

la) Interference with the enzymatic inactivation of polymyxin, thereby 
maintaining a toxic level for a longer time. 

\b' Interference with other systems capable of blocking the active group 
of polymyxin, or of tying up the polymyxin in an insoluble complex. 

(c) Indirectly by affecting the permeability of the cell membrane, thereby 
permitting the polymyxin more rapid access to the cell protoplasm. 

By any of these means, the combined action might be either additive or 
synergistic. In the case of polymyxin and penicillin, total inhibition was 
used as the end-point, and it is not possible for us to say whether the total 
action is more than additive. 

The dilution assay, at times, has contained a clear tube interrupting a 
turbid-tube series or a turbid tube in a clear tube set. When such an aber¬ 
rant tube occurs near the polymyxin end-point, errors are likely to arise, 
and greater reliance must be placed on the replicate series. Of the possible 
sources of such trouble, the detergent used in cleaning the tubes was se¬ 
lected as worthy of attention, since traces of a white substance were evident 
in the bottom of some tubes. Attention was first directed to the effect of 
the Alconox on the assay organisms. It was found that 0.5 per cent Alco- 
nox in broth will inhibit E. coli and that less than 0.05 per cent will inhibit 
Brucella bronchiseptica . A clear tube in a turbid series could thus result 
from concentrations of Alconox in excess of those shown. 

The effect of Alconox in the broth on activity of polymyxin was deter¬ 
mined against E. coli (table 4). The addition of as little as 0.01 per cent 


Table 4 

Epfect of .Alconox on Inhibition or E. coli by Polymyxin 



j Inhibitory concentration /ig./ml. 


1 Test I 

1 Test II 

Broth 

Alconox 0.1% in broth 

Alconox 0.01% in broth 

| 0.37 

j >4.0 

! 

1 0.04 

. u.o 

.4 
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Alconox raised the minimum inhibiting concentration at least ten-fold. 
It is believed that this inactivation results from complex-formation between 
the detergent and antibiotic. A turbid tube in a clear series might easily 
be due to such an inactivation of the polymyxin, the amount of Alconox 
being sufficient to reduce the active polymyxin concentration, but too low 
to inhibit growth of the bacterium. 

The amount of inoculum used in the dilution assay has a marked effect 
on the results obtained (table 5). Such an effect has been observed for 


Table 5 

Effect or Amount or Inoculum on Polymyxin Assay Values 



i 

Inhibitory cone, polymyxin 


Inoculum in 

(jug./mL broth) 


drops/100 ml. broth 

1 

vs E. coli 

vs. Bt bron - 
C'liseptica 

Difco broth 

. 2 

! 0 7 

0 013 

Difco broth 

| 10 

1 6 0 

0 37 

Difco broth 

50 

17.0 

1.1 

Try pti case soy broth 

2 

2 0 

0 1 

Tr> pticase soy broth 

1 40 (1.5 ml) 

i 17.0 

3 3 


each of our test organisms, and for both dilution media. The greatest 
variation obtained in this test was a 30-fold increase in the concentration 
necessary to inhibit B . bronchiseptica resulting from a 5-fold increase in 
inoculum. The effect is greatest for the weaker inocula, the increase in 
polymyxin required to inhibit being less for the larger number of bacteria. 
Since no bacterial counts were made, there is no way of knowing the rela¬ 
tion between the numbers of bacteria in the E . coli and in the B. bronchi¬ 
septica tubes. Were this known, it would be possible to compare the 
susceptibility of the two test organisms. For, although on the surface it 
appears that B. bronchiseptica is the most sensitive organism we have 
tested, the numbers may be very low and the sensitivity not real. For 
example, if in our experiment the numbers of cells in the Brucella tubes is 
only J r , that in the E. coli tubes, then both organisms have the same sensi¬ 
tivity to polymyxin. The importance of this is obvious. If we run a 
spectrum for polymyxin, the results will be a function of the numbers of 
each organism employed. The numbers, further, will be related to the 
cultural conditions under which the inoculum is prepared. It will be small 
wonder, therefore, if two laboratories arrive at different answers. Indeed, 
our own ratios, run at different times, vary considerably, and we find that 
the only comparisons that have any value are those between samples run 
simultaneously. 

The only other factor we have examined by this means has been the 
effect of horse serum on the inhibiting concentration. Our results indicate 
that at least 5 times as much polymyxin is required for inhibition of E. 
coli in dextrose broth containing 10 per cent horse serum, as is required in 
broth lacking the serum. 
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Comparison of Results by Dilution and by Plate Assay Methods 

The plate assay method we have used is that developed by the Cyana- 
mid 7 group, as modified by Benedict. 2 We use 0.5-1.0 ml. of a 20 hour cul¬ 
ture of Brucella bronchiseptica per 100 ml. of seed agar containing Tween 80. 
The surface of the agar is dried for 15-20 minutes at 37°C. by partially 
removing the lids of the petri plates prior to adding the half-inch discs con¬ 
taining the polymyxin samples. At the end of 16—20 hours’ incubation, 
large, sharply defined zones are formed which are easy to read. All un¬ 
knowns are diluted with glycine-HCl buffer (pH 2.0-2.2) to fall in the range 
33-100 Cyanamid units per ml. Each plate contains a 100 /z and a 33 /z 
Peoria standard polymyxin, and two unknowns. This procedure has 
proven so satisfactory that we have made no effort to improve on it. Some 
of the factors affecting the dilution assay results were tested for their effect 
on polymyxin values by the plate assay procedure. Alconox at a 0.5 per 
cent level, gelatin at 0.25 per cent, and horse serum at 50 per cent, each 
effected an apparent loss of about 25 per cent in potency. This 25 per cent 
loss is to be considered a maximum value, since the pH values rose a few 
tenths of a pH unit in some cases. There is, thus, no correlation between 
the effects of these materials on the different assay methods, though it must 
be recognized that the pH factor is radically at variance. Penicillin, at 
25 m per ml., a condition which promoted the action of polymyxin in the 
dilution assay, resulted in an insignificant 8 per cent loss by the plate 
method. Again, it must be realized that, at the low pH in the latter pro¬ 
cedure, penicillin is rapidly inactivated. 

Fortunately, or unfortunately, the above plate assay procedure did not 
become available until our work had been in progress for many months. 
Otherwise, we should never have been called on to evaluate the information 
obtained by one method in terms of the other. One of our first problems 
was the development of a fermentation medium giving maximum potency, 
as determined by the dilution assay method. It can be seen (table 6) 


Table 6 

Strains of B. polymyxa versus Medium 


Strain Baker No. 

i 

Maximm 

Dilution assay 
(E. coli) 

m ju./ml. 

Plate assay 
(Brucella ) 


B. St* 

Baker 

med. 

B. St.* 

Exp. IB-116 



60 

16 

B-117 



52 

46 

B-118 


1000 

46 

38 

B-119 


500 

50 

46 

Exp. H B-116 

50,000 | 

500 

72 

31 

B-117 

5,000 ! 

500 

74 

45 

B-118 

10,000 i 

100 

124 

21 

B-119 

10,000 ! 

400 

148 

22 

Exp. m B-116 

30,000 

_ 

66 


B-143 (NRRL B-694) 

30,000 

— 

276 

— 


* Stansly medium plus peanut meal and as recommended by Benedict. 
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that a 100-fold increase in potency (dilution assay) has been achieved as 
a result of changes in the medium, but without a corresponding increase 
in plate units. These results are based on shaker-flask tests, assays being 
made on the 3rd, 4th, and 5th days. Strain differences were not appre¬ 
ciable except in the third experiment, in which we compared our strain 
developed for dilution units against the NRRL strains developed for plate 
units. In this case, the strains were equal in dilution units, but the NRRL 
strain is much superior in plate units. If the ratios of dilution units to 
plate units are considered, it will be seen that the ratio differs (1) with the 
medium used, and (2) with the strain. The lack of correlation between 
the two types of units is even more evident when we follow the course of a 
fermentation (figure 1.) In this experiment, three different conditions 



Figtjse 1 . Polymyxin: dilution vs. plate assay. 
(N. B. Legend should read “Polymyxin in p/wl.”) 


were compared by two assay methods. In the earliest stages of the fer¬ 
mentation, both types of units must have developed simultaneously. 
After reaching a peak in A and B, the plate unit potency fell off while the 
dilution units continued to increase. In C, an increase in plate units was 
not paralleled by any increase in dilution units. Such a lack of correlation 
has frequently been encountered. 

A comparison between dilution units and plate units on material at dif¬ 
ferent stages in the process (table 7) shows that the magnitude of the 
difference is greatest in assays of the broth. The lyophilized eluates or 
acetone-precipitated materials have a much lower ratio of dilution to plate 
units. In most cases, considerable variation occurs between batches. The 
evidence from several angles, therefore, is conclusive that there is no corre¬ 
lation between the two types of units, and the deduction follows that the 
selection of an assay method predetermines the interpretation of the results. 
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Table 7 

Comparison of Dili hon and Plate \ssa\s at Various Stages in Processing 


Dilution \ssa\ 

Plate \ssa> 

■ Ratio Dilu¬ 
tion Plate 

Broths /’-haLerj 1 
(2) 

<3 

4) 

5,000 n ml 
25,000 

55,000 

400 000 

82 ix /ml 

73 

93 

159 

60:1 

350:1 

1 600:1 

2500 1 

Dned el ja + ea 48 E L 

1,800 ix mg 

33 ix /mg 

60:1 

48 FL 

420 

27 

15:1 

48 GL 

530 

20 

25.1 

\ce*0Pe 45 E L P 

830 ix / mg 

65 ix /mg 

12:1 

47ELP 

1,750 

73 1 

25:1 

21ELP 

2,300 

84 1 

30:1 

51 E LP 

2 100 

126 j 

16:1 

Vai a ion in Slope oj Plate .4s$(ry Cnnes 


For some time, it has been observed that the concentration of our poly¬ 
myxin samples frequently has an effect on the values obtained by the 
plate assay method (tabil 8). The greater the dilution of the sample, 


Table 8 

Efffct or Concentration or Sample ox Results by Plate Assay Method 


banple 

Cone 
mg mi 

10 

5 

2 5 

1 25 

fx mg 
\ alue 

1 Sample 

Cone 

mg /ml j 

ix /mg 
| Value 

P 11 MC 

35 

38 

42 

51 

P 11 DAXM 
(done bv R 
Benedict) 

1 

0 5 

0 2 

0 1 

86 

85 

86 

90 

P 10 AB 

10 

31 

P 11 DAXM 

3 0 

55 


5 

39 

(done at Baker 

1 5 

57 


2 5 

56 

Chem Co) 

75 

60 


1 25 

66 


38 

80 

T 14 E 2 

3 0 

-10 

| P 15 V 

3 0 

38 


1 5 

57 


1 5 

40 


0 75 

69 


75 

40 


0 38 

SS 


38 

41 


the higher ha\e been the values obtained. The pH has been checked in 
these cases, but did not \ ary more than 0.1 pH unit from that of the Peoria 
standard. Not all our samples show this trend, and those that do may 
vary in the absolute amount by which the lowest and highest values differ. 
Another way of expressing this result is in terms of the slopes of the curves 
obtained (figure 2). Those substances giving increasing values for lower 
concentrations of material give a curve having a steeper slope tha n that of 
the Peoria standard. Two explanations are possible. The samp le may 
contain impurities of such a nature as to interfere with the diffusion of the 
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Figure 2 Pol>m>\m plate assaj ca Brucella bronchv>eptua (semi log' 


polymyxin. Apparently, conditions must be made suitable for polymyxin 
diffusion as evidenced by the necessity for Tween 80 and for low-pH 
samples. Given these conditions, however, no factors have been recognized 
as interfering with the free movement of polymyxin through agar. 

The other explanation requires that polymyxin be a mixture, or that 
there be more than one polymyxin, the one with which we are here con¬ 
cerned being different from the Peoria standard. Other factors re mainin g 
constant (medium, test organism, cultural conditions), solutions giving 
curves having different slopes (K) contain different antibiotics. The 
major factors determining the slope are the diffusion rate (D) and degree 
of toxicity (T) of the antibiotic to the test organism. For two antibiotics, 
five possibilities exist: 

(1) A =5 A, Ti — Ti then Ki => &s 

(2) A = A, Ti > Ti > Ki 

(3) A > A, Ti * Ti Ki > Ki 

(4) A > A, Ti > Ti (all combinations) 

(5) A > A, Ti < Ti (all combinations). 

It is possible that our active molecules are larger than those of the Peoria 

polymyxin, thereby accounting for a lower diffusion rate, or perhaps they 
have a lower degree of toxicity to the bacteria. We prefer to believe that 
mixtures of antibiotics are present, though such a preference is not based 
alone on differences in the slopes of the assay curves. From a theoretical 
mixture of two independent antibiotics, it would be possible to obtain the 
following results: 
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(a) No zone formation—both antibiotics either of low toxicity to the 
test organism, or else non-diffusible. 

(b) A straight-line curve over the range examined, in which case the 
activity of only one component would be apparent. 

(c) A jointed curve due to the intersection of two straight-line c urves. 

Variation in Ratio of E. coli Units to Br. bronchiseptica Unit* 

Recognizing the limitations imposed by medium and bacterial numbers 
on a bacterial spectrum determination, we have nevertheless thought it 
advisable to compare two of our samples with samples from other sources 
(table 9). Peoria 980 is a sample from Dr. Benedict containing 980 

Table 9 


Bacterial Spectrum 




Inhibitory 

cone, y/ml* 



P 11 
DAXM 

P14Ei2 

Peoria 980 

Cyana 
mul 180 

B 9 B. subtilis 

8 

12 

12 

25 

14 S. aureus 

50 

50 

25 

>50 

29 Aerobacter aero genes 

2 

1.5 

.75 

3. 

45 Serralia marcescens 

>50 

>50 

>50 

>50 

64 Salmonella enteritidis 

>1. 

>1. 

0 5 

>1. 

138 E. coli (McCloud) 

3. 

3. 

0.1 

t. 

119 E. coli NRRL B-281 

3. 

1 . 

.33 

1 . 

120 Brucella bronchiseptica NRRL B-140 

.01 

.01 

<.0003 

.1 

123 S . typhimurium 

3. 

>10. 

! 3. 

>10. 

124 K. pneumoniae 

3. 

3. 

3. 

3, 

125 5. paratyphi 

3. 

3. 

.11 

l. 

127 S. schottmuetteri 

10. 

3. 

3. 

10. 

130 Shigella dysenteriae 

>1. 

>1. 

0.5 

>1. 

139 B. cereus 

11. 

11. 

0.3 

4. 

140 Ps. aeruginosa 


11. 

11. 

33. 


* Trypticase boy broth as assay medium. 


Cyanamid plate units per mg.; Cyanamid 180, a sample from I)r. Stansly 
containing 180 plate units per mg.; and our samples P11DAXM 68 ju/rng., 
and P14 E b 76 /i/mg. Trypticase soy broth was used as the assay broth to 
conform with the procedures of others. As a result, the inhibiting con¬ 
centrations are much higher than those previously found by us in Difco 
Dextrose broth, and using the same polymyxin sample. 

Obviously, the four samples used are quite diflerent based on Cyanamid 
plate units. When, however, they are compared weight for weight by the 
dilution method, the substances appear to have very nearly the .same 
inhibitory power against many of the test organisms. In general, we can 
say that all four polymyxin samples are least active against Serralia mar- 
cescens and Staphylococcus aureus, moderately active against E. coli and 
most of the others, and highly active against B. bronchiseptica. 
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An interesting difference appears in the response of E. coli and of B. 
bronchiseptica to the different polymyxin samples. It appears tha t our 
samples are slightly less active against E. coli than is the Cyanamid 180. 
Against Brucella, the reverse is true, our samples being much more active. 
The greatest differential between the amount required to inhibit E. coli 
to the amount required to inhibit Brucella is demonstrated by Peoria 980, 
and is of the magnitude of one thousand times. Other differences in re¬ 
sponse are apparent from the table, but only the E. coli-BruceUa case has 
been subject to repeated checking. 

A group of our samples was compared with the Peoria standard 
(table 10). The figures shown are averages of triplicate determinations 


Table 10 

Relative Toxicity or Polymyxin to E. coli akd to Brucella bronchiseptica 



Plate assay 
( Brucella) 

E. coli 

Brucella 

Sample 

jug./ml. Required to inhibit* 


U-/ mg. 

. 

Exp. 

Exp. 

II 

Avg. 

E i?r 


Avg. 

35 FGLP 

36 

3.3 

3.7 

3.5 

1.0 

1.0 

1.0 

P 11 DAXM 

68 

.6 

.2 

A 

.05 

.02 

.035 

P 11 DAM 

71 

.37 

.12 

.25 

.004 

.01 

.007 

40ELP 

71 

.12 

.12 

.12 

.03 

.01 

.02 

28GLP 

110 

.04 

.01 

.025 

.0012 

.0014 

.0013 

Peoria 

j 980 

.14 

.02 

.08 

.00013 

.0006 

.00036 


* Difco De\trose broth assay medium. 


for the dilution assays. The assays were performed on four different days, 
all samples being assayed against one organism on each day. The results 
are not in what we would like to call agreement, but they are typical of the 
variation obtained in day-to-day tests. Furthermore, the relationships 
between samples holds up fairly well. 

In continuation of our search for differences, may we point out that our 
sample 28GLP is more potent than the Peoria material against E. coli , 
yet its activity against Brucella is less than that of Peoria 980 in both the 
plate and dilution assays. In terms of E.c./Br.b. ratios, our samples run 
from sS to 40, while that of the Peoria 980 is 200. Again, we wish to em¬ 
phasize that the actual values of the ratio are not constant, but that for 
any pair of samples assayed simultaneously the relationship of the ratios 
is in the same direction, that is, the ratio for the Peoria sample is always 
greater than the ratio for 28GLP. 

We would be remiss if we failed to call attention to similarities between 
samples. In a general way, there is a correlation between the potencies 
determined by the plate method and by the dilution assays, those samples at 
the top of the table (table 10) being much less toxic than are those at the 
bottom. A second similarity is that all substances are more toxic to 
Brucella than to E. coli. 
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Discussion 

While recognizing the possibility of several interpretations for the results 
presented, we choose to develop only one, namely: that mixtures of poly¬ 
myxins are produced by B . polymyxa. It is our belief that the polymyxins 
represent a class of compounds having some common features, such as ease 
of adsorption on carbon, solubility, and heat stability, and differing in other 
respects, one of the recognizable differences being that of size. Tn the light 
of this, suppose we consider two hypothetical polymyxins: Px being a 
comparatively diffusible type, and Pn much less rapidly diffusible, each 
varying a little in specific toxicity from the other. Our work began with a 
strain low in Px and Pn, but by developing a medium for that particular 
strain we were able to favor an increase in Pn with substantially no increase 
in Px (f.e., a medium giving very high dilution units and low plate units). 
Concurrently, Benedict 2 developed a strain for a particular medium which 
favored the development of Px. 

During the course of a fermentation both types of units develop, but 
under certain conditions Px may be converted into Pn, thereby resulting in 
an increase in Pn at the expense of Px, as seen in figure 1. During the 
purification process, both polymyxins are adsorbed readily on carbon, but 
during the elution step less of the Pn is released. This would account for 
the decrease in the dilution/plate ratio so frequently observed. If puri¬ 
fication is continued along the lines developed for Px, then Pn decreases 
and the dilution/plate ratio approaches a value which is constant for Px. 

Another example of the purification of a mixture indicates a separation 
of components. Our sample P15 is a precipitate from a methanol solution 
by excess of acetone. When this precipitate was further treated with a 
small volume of methanol, two fractions were obtained: 15A, the undis¬ 
solved fraction; and 15AB, that which dissolved and was subsequently 
dried. Assays of these two substances show sharp differences. Both 
were identical with respect to their inhibition of E. coli , the inhibiting con¬ 
centration being about 0.37 /zg./ml. Difco Dextrose broth. The response 
to Br. branchiseptica was quite different, the fraction taken up in methanol 
(15AB) being much more toxic than the residue (PISA) to this organism. 
The actual figures are: 


P15A 

P15AB 


38 Cyanamicl plate tmits/nig.; 2,000 dilution units/mg. 
96 Cyanamicl plate untlft/mg.; 50,000 dilution unils/mg. 


It is unfortunate that more of our attention has not been directed to 
obtaining homogeneous samples of each polymyxin type. But it has 
seemed to us that many of the fundamentals have yet to be worked out, 
especially with respect to the dilution assay, and it has been our feeling that 
without such adequate methods it is impossible successfully to carry through 
a chemical separation of closely related polymyxins. ** 


Summary 

The results may be summarized as follows: 

(1) Mixtures of polymyxins are produced by some strains of ZJ. 
polymyxa (at least the one with which we are working). 
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(2) Such mixtures are detectable biologically by (a) differences in values 
obtained by plate and by dilution assay procedures, (b) difference in re¬ 
sponse to two test organisms E. coli and Br. bronchiseplica, and (c) perhaps 
by the slope of the curve in the plate assay procedure. 

(3) The entire course which an investigation of polymyxin shall take 
will be dependent upon the assay procedure used. Modification in medium 
or strain will yield a predominance of one polymyxin if the plate assay 
method is used, and a predominance of a different polymyxin if the dilu¬ 
tion assay is employed. Similarly, chemical purification will result in 
obtaining one or the other of a mixture depending on which assay method is 
used. 
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A SIMPLE METHOD FOR THE ASSAY OF POLYMYXIN 
IN BLOOD AND URINE* 

By P. G. Stansly 

Chemotherapy Division, Stamford Research Laboratories, American Cyammii Company, 

Stamford , Connecticut 

Extension of the agar diffusion method previously reported 1 for the assay 
of polymyxin in fermentation liquors and concentrates has resulted in a 
rapid, simple, and relatively accurate method for the determination of 
polymyxin in blood and urine. 

Seeded plates are prepared as previously described. 1 The test organism, 
however, is Brucella bronchiseptica N.R.R.L. B-140 2 and the completed 
plates are incubated at one temperature, namely 37°C., overnight. In 
order to economize on blood, \ inch filter paper discs (Schleicher & Schuell 
# 740E) instead of \ inch discs are used. These discs require 0.03 ml. of 
solution to saturate. 

The determination of polymyxin in blood requires a standard blood assay 
curve. A series of standard solutions of polymyxin in 50 per cent “acid 
blood” is prepared and a straight line constructed relating zone diameter 
to log (concentration of polymyxin X 2). The acid blood is prepared 
by mixing equal volumes of whole blood and 0.2N HCl. Similarly, blood 
to be assayed is diluted with an equal volume of 0.2N HCL The con¬ 
centration of polymyxin in micrograms per ml. of whole blood is then read 
off the standard curve. A typical standard curve is illustrated in figure 1. 

It is recommended that blood which is to be assayed or used for the 
preparation of the standard solutions either be untreated, with respect to 
anticoagulants, or citrated, but not oxalated. Oxalated blood frequently 
results in a viscous solution upon the addition of 0.2N HCl. 

Advantages of this method of assay are as follows: (1) 0.25 micrograms 
of polymyxin per ml. of blood may be determined in triplicate with a 0.05 
ml. sample of blood; (2) solutions of 50 per cent acid blood appear to re¬ 
main fluid indefinitely and are stable with respect to the antibiotic; (3) 
the pH of the blood solution (generally around 3.75) and the nature of the 
assay method preclude the necessity for strict aseptic precautions; (4) in 
the absence of antibiotic, inhibition zones are not produced by normal dog, 
mouse, or human blood treated as described. 

The determination of polymyxin in urine also requires a standard curve, 
which in this case is simply obtained from standard solutions of polymyxin 
in glycine-hydrochloric acid buffer of pH 2. The sample of urine to be 
assayed is diluted with an equal volume of glycine-hydrochloric acid of 
pH 1.4, which generally results, in the case of dog urine, in a pH of 2. 

Ten replicate determinations on a sample of blood obtained from a dog 
treated with polymyxin gave a coefficient of variation of 7 per cent on one 

* A more detailed account of this method has since appeared in the Proceedings Cor the Society oC Ex¬ 
perimental Biology and Medicine, 68: 301, 1948. 
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MEAN ZONE DIAMETER IN MM. 

Figure 1 . Standard curve for assay of polymyxin in blood. 


day and 10 per cent when repeated on another day. The coefficient of 
variation of the twenty determinations was 12 per cent. 
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THE EFFECT OF POLYMYXIN IN THE TREATMENT OF 
EXPERIMENTAL BRUCELLOSIS AND TULAREMIA 

By C. L. Larson, B. N. Cvrle, vnd A. E. Ylrdcr. 

National Institute of Health , Bethesda , Maryland 

Recently, antibiotic substances have been isolated from Bacillus 
polymyxa. In the United States, particular attention has been given to 
polymyxin 1 2 and in England to Aerosporin.**’ 4i 5 The need for effective 
therapeutic agents in brucellosis prompted a study of polymyxin to deter¬ 
mine whether this substance could be employed in the treatment of Brucella 
suis infections in guinea pigs. The effect of polymyxin in tularemic in¬ 
fection of white mice was also studied. The data obtained indicate that 
polymyxin has no value in the treatment of experimental brucellosis 
in guinea pigs or of tularemia in white mice. 

Materials and Methods 

The organisms employed were Brucella suis strains 6 and 18, which were 
isolated in Indiana from human cases of brucellosis, by Dr. S. Damon of the 
Indiana State Board of Health. The strains are smooth and virulent for 
guinea pigs. 

Polymyxin was obtained from two sources. The samples of polymyxin 
tested in the first two experiments were obtained from the Northern Re¬ 
gional Research Laboratory, Peoria, Illinois and consisted of two lots assay¬ 
ing 1,000 and 900-950 units per mg. The material tested in the third ex¬ 
periment was prepared by J. T. Baker Chemical Company, Phillipsburg, 
New Jersey and assayed 6,000 units per milligram. The drug was ad¬ 
ministered subcutaneously or intramuscularly after solution in saline or 
distilled water. 

Guinea pigs of either sex weighing about 350 grams were selected. The 
animals were inoculated subcutaneously or intraperitoncally with the de¬ 
sired number of organisms. Br. suis was grown on Trypticase soy agar 
and incubated at 37°C. for 24 hours. The organisms were harvested, 
suspended m ZobelFs solution, and centrifuged to remove any agar. The 
number of organisms was determined by observation of the density of the 
suspension, employing a Fischer photoelectrometer, and checked by repli¬ 
cate plate counts of appropriate dilutions. After an incubation period of 
10 days or more, the animals were weighed and treatment was started and 
continued for 10 to 14 days. In two experiments, post-treatment periods 
of 1 to 2 weeks elapsed before the animals were weighed, bled, and killed. 
The pathological lesions were observed, the spleen weighed, and cultures 
on Trypticase soy media were made of the liver and spleen in all instances 
and from the blood and kidney in some. Agglutination titers were de¬ 
termined on the serums of all animals, employing the technique recom¬ 
mended by the Bureau of Animal Industry. 

Only one experiment was made to determine the effect of polymyxin 
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upon tularemic infections in white mice. White Swiss mice of either sex 
weighing 20 grams were infected with a suspension of a virulent strain of 
Pasteurella tiilarensis. Twenty-four hours after administration of the in¬ 
fective dose of organisms, treatment was instituted and continued until all 
animals succumbed. 


Results 

Experiment L A group of 24 guinea pigs weighing about 350 grams was 
divided into 2 lots one of which was infected with 12 and the other with 
12,000 Br . suis organisms strain 18 intraperitoneally. Each lot was then 
further divided to contain 6 untreated control animals, 3 animals treated 
subcutaneously with 6.4 mg. of polymyxin (lot 28A containing 1,000 u./mg.) 
per kg. of body weight once daily, and 3 animals treated twice daily in a 
similar manner with the same amount of polymyxin. The infective dose 
was given on 7/2/47, treatment initiated on 7/21 or 7/22/47 and terminated 
on 7/31/47. The animals were killed on 8/1/47. Cultures and agglu¬ 
tination tests were made on blood drawn at autopsy, qualitative cultures 
from liver, spleen and kidneys, and quantitative cultures from weighed 
portions of the spleen. Among the animals infected with 12 organisms, 
only 2 of the 6 controls and 1 of the 6 treated animals were found to be 
infected at autopsy. Among the animals infected with 12,000 organisms, 
4 of the 5 controls which survived the test period and all of the 6 treated 
animals were found to be infected. No quantitative differences were 
apparent in the number of organisms present in the spleens of treated or 
untreated animals. 

Experiment 3. A second lot of polymyxin assaying 900-950 units per mg. 
was employed in a second experiment. Twenty-five guinea pigs weighing 
about 400 grams each were divided into 3 groups. Group A, consisting of 
8 animals, was treated with 1.5 mg. of polymyxin per animal every 4 hours 
for 10 days, group B made up of 6 animals was given 1.25 mg. of polymyxin 
and 2.5 mg. of streptomycin every 4 hours for ten days, and group C con¬ 
sisting of 11 animals, served as controls. The animals were inoculated 
intraperitoneally with 3,400 organisms of Br . suis strain 6 on 9/6/47. 
The animals were weighed and treatment started on 10/1/47, con¬ 
tinuing until 10/11/47. The drugs were given intramuscularly for the 
first six days and subcutaneously for the remai n ing 4 days. On 10/17/47, 
the animals were bled and killed with chloroform. The weight at time of 
autopsy and the gross pathological lesions were recorded. Agglutination 
titers against Br . abortus were determined for each serum, qualitative cul¬ 
tures were made from liver, spleen, kidney, and blood, and quantitative 
cultures from weighed portions of spleen. Eight animals failed to survive 
the test period and are excluded from the final results, which were based on 
4 animals surviving in group A, 5 in group B, and 8 in group C. All ani¬ 
mals were demonstrated to be infected and no differences were apparent in 
the degree of infection among animals in the three groups. 

Experiment 3, Polymyxin obtained from the J. T. Baker Chemical 
Company and containing 6000 u. per mg. was tested in this experiment 
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Forty-two guinea pigs weighing about 350 grams were inoculated subcu¬ 
taneously with 950 By. suis organisms strain 6 on 4/21/48. The animals 
were weighed and divided into the following groups on 5/5/48 at the time 
treatment was started: Group A was given a total of 5 rag. of polymyxin 
per kg. of body weight per day subcutaneously in 6 divided doses, Group B 
was given 100 mg. of sulfadiazine per kilogram of body weight once each 
day orally and 30,000 units of streptomycin per kg. of body weight per day 
subcutaneously in 6 divided doses, and Group C was given no treatment. 
Treatment was discontinued on 5/19/48. At autopsy on 6/2/48, agglutina¬ 
tion tests were performed on serum from blood drawn at this time, gross 
lesions observed, the spleens weighed, and qualitative cultures made from 
liver and spleen. The results obtained are summarized in table 1 . Ad- 


Table l 

Tiie Effect of Polymyxin and of Combined Sulfaduzini and Streptomycin in 
the Treatment of Guinea Pigs Infected with Brucella suis 


Group | 

*0 M 

.g.H 

!§ 

Therapy 

Daily dosage* per 
kg. body wt. 

Ave. wt. before 
therapy 

Ave. wt. at 
autopsy 

Ave. wt. loss 
or gain 

Ave. wt. of 
spleen 

No. of positive 
spleen cultures 

No. of positive 
liver cultures 

Mean agglu¬ 
tination titer 

Per cent 
infected j 





gm. 

gm. 

gm. 

gm. 





A 

11 

Polymyxin 

5 

367 

353 

-14 

3.21 

lot 

9 

1:1280 

100 

B 

12 

Streptomy¬ 
cin and 
sulfadia¬ 
zine 

30,000 

100 

324 

401 

+77 

0.76 

2 

0 

1:40 

16.6 

C 

14 

None 

— 

336 

349 

+ 13 

2.91 

13 

lot 

1:640 

92.8 


* Dosage of polymyxin in mg., of streptomycin in units, of sulfadiazine in mg. 
t One spleen culture contaminated but liver culture positive. 

I One animal with negative cultures fi om liver and spleen and negative agglutination titer. 


ministration of polymyxin in the dosage stated above had no effect upon the 
course of experimental Br. suis infection in guinea pigs. Among the ani¬ 
mals treated with polymyxin, the cultures from the spleen of one animal 
were contaminated, but cultures of liver yielded Br. suis and the agglu¬ 
tination titer of serum obtained at autopsy was 1:320 against Br. abortus. 
One animal in the control group was entirely normal. Only 2 isolations 
were made from the spleens of animals treated with sulfadiazine and strepto¬ 
mycin. 

Experiment 4. P. ftdarensis strain R was cultured on glucose cystine 
blood agar and incubated at 37°C. for 24 hours. The resultant growth was 
removed, suspended in 0.85 per cent salt solution, and washed by repeated 
centrifugation and resuspension in salt solution. Serial ten-fold dilutions 
were made of the final suspension of organisms and the infective titer de¬ 
termined by injection of 0.3-cc. amounts of dilutions from lO - * to IQr 10 
intraperitoneally into groups of 5 mice each. The mice employed weighed 
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15 grams. All animals given 0.3 cc. of the 10~ 8 dilution of the suspension 
of organisms died, 3 of 5 of those given the 10"° dilution succumbed, and 
none of those given the 10~ 10 dilution died. A group of 37 mice was in¬ 
oculated iniraperitoneaily with 0.3 cc. of the 10“ 7 dilution of thesuspension 
of l\ tiilarcnsis. Seventeen of these mice were treated with polymyxin 
and 20 served as controls. Treatment with polymyxin (900-950 u. per mg.) 
was started 24 hours after administration of the infective dose of organisms 
and consisted of 0.125 mg. administered subcutaneously twice daily. This 
corresponds to a daily dose of about 166 mg. per kg. of body weight. All 
treated and control animals were dead 120 hours after being infected. 
Thus, the drug had no effect upon experimental tularemia. 

* Discussion 

The status of the types of antibiotics isolated from Bacillus polymym 
was by no means clear when these studies were initiated. Other papers 
presented in this monograph show that polymyxin is only one of the agents 
which has been isolated from B. polymyxa. Aerosporin has also been iso¬ 
lated and appears to consist of a number of different materials. Conse¬ 
quently, the data which wc have recorded must be interpreted on the basis 
of the sources from which the compounds were obtained. Since the 
amounts of polymyxin were limited and since little information was avail¬ 
able concerning the pharmacology of the drug, the dosages of polymyxin 
administered to the animals were arrived at empirically. In vitro tests 
for the sensitivity of Br. abortus to streptomycin and polymyxin indicated 
that streptomycin inhibited the test organism in a final concentration of 
0.06 jug. per ml. and polymyxin at levels of 0.5 to 2.5 fxg. per ml. 

Polymyxin in the amounts employed had no recognizable influence upon 
the course of infection produced by Br. suis in guinea pigs. The largest 
amount of polymyxin, a total of 9 mg. daily (25.7 mg. per kg. of body 
weight) given subcutaneously in 1.5 mg. amounts every 4 hours, had no 
effect upon the experimental infection. Combined therapy consisting of 
1,25 mg. i>olymyxin and 2,5 mg. of streptomycin, administered 6 times 
daily for 10 days, likewise yielded negative results. Since the first two ex¬ 
periments were of such a negative character, it was considered possible that 
the technique of testing for the antibiotic activity of polymyxin was too 
severe and an additional group of animals treated with streptomycin and 
sulfadiazine was included in the last experiment. As only 2 of 12 animals 
treated by this method were infected at time of autopsy, it seems apparent 
that the technique employed was not too stringent. 

Summary 

Three lots of polymyxin tested for therapeutic activity in guinea pigs 
experimentally infected with Brucella suis failed to alter the course of in¬ 
fection. 

In a single experiment, polymyxin was tested and shown to be incapable 
of preventing deaths among mice infected with Pasteurella tularensis. 
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THE CLINICAL USE OF POLYMYXIN* 

By Emanuel B. Scuoenb vch, Morton S. Bryer, and Perrin H. Long 

Department of Pnventive .Meditine, Johns Hopkins University School of Medicine, Balti- 

more , Maryland 

Polymyxin is an antibacterial agent uniquely active against several 
species of gram-negative microorganisms. Adequate protection of experi¬ 
mentally infected animals was demonstrated with doses of the antibiotic 
far smaller than those at which any toxic manifestations were noted. Trial 
in patients, therefore, appeared warranted. These early cases cannot be 
considered therapeutic trials to establish the clinical use of this antibiotic, 
but rather as early explorations into the pharmacology and human host- 
drug relationships. 

The small series of patients treated thus far, the varied types of infec¬ 
tions, and the great age range of these patients render any generalization 
or statistical treatment untenable. Gram-negative infections differ mark¬ 
edly from many gram-positive infections in that complications often exist 
which aid in the initiation of the disease or its maintenance. Many of the 
cases treated were suffering from an underlying dermatitis, neoplasm, burn, 
etc. Thus, the clinical course of the untreated case is more difficult to 
predict, and that of the treated case, to evaluate. Resort to bacteriological 
procedures coupled with objective and subjective clinical observations of 
each case is necessary. The observations on these patients will be presented, 
and data as to tolerance, blood levels attained, urinary excretion, untoward 
reactions, and cultural examinations reported. The course of the patient 
while on polymyxin therapy may be followed, but no definite deductions as 
to cause and effect will be attempted. 

The dosages of polymyxin employed in these trials varied. Some cases 
were treated with a daily dose of 3 mg./kg. per day, divided into 8 equal 
amounts and given at 3-hour intervals. Others were given a daily dose of 
7 mg./kg./day. In these patients, an initial dose of 3 mg./kg. followed by 
two closes of 2 mg./kg. at 8-hour intervals was employed, and thereafter 
the drug was continued at equal amounts given three times a day. This 
dosage was not tolerated for more than three to four days and then was 
often reduced lo 3 mg./kg. per clay, A few cases have been treated with 
doses of 4 mg./kg. per clay, given as four divided doses at 6 hour intervals. 
All drug was dissolved in a phosphate buffer pH 7.4 and administered via 
the intramuscular route. A concentration of 60 to 120 mg. in two cubic 
centimeters was tolerated locally. At the higher concentrations, dull 
drawing pain was noted for several minutes following the injection. In 
several individuals, after repeated injections, small, reddened, tender areas 
persisted at the injection site. However, almost ail patients preferred this 
discomfort to two doses of more dilute material. The injections were not 
discontinued in any patient because of local reactions. On one occasion, 

•These investigations were supported by grants received from the Abbot Laboratories, Lederlelab¬ 
oratories Division of the American Cy.uumid Company, Parke, Davis and Company, and the Upjohn Com¬ 
pany. 
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subcutaneous a dminis tration was employed without discomfort. No in¬ 
travenous administration was attempted. 

All the solutions were freshly prepared before use. The polymyxin was 
obtained as a vacuum dried cake in sealed ampules containing 20 mg. of the 
hydrochloride salt. Three different lots prepared at the Lederlc Labora¬ 
tories Division of the American Cyanamid Company were employed. 
These preparations are said to contain approximately 70 per cent pure 
antibiotic. 

Patients have been treated with polymyxin for periods up to 15-20 days. 
Most patients received the drug for 5-10 days, but in a few, because of urin¬ 
ary changes, this form of therapy was discontinued earlier. 

The blood levels attained when treatment was given every three hours 
at a dosage level of 3 mg./kg./day were 0.6 to 1.3 micrograms per cc. of 
serum within 12 hours after therapy was begun. On continued treatment, 
these pre- and post-injection levels rose to 2.5 and 5.0 micrograms per cubic 
centimeter on the 5th and 10th day. When larger doses were adminis¬ 
tered, the levels attained were higher and a larger variation between pre- 
and post-injection periods was noted. When seven milligrams per kg. 
per day were given, divided into three daily doses, levels of 5 to 10 micro- 
grams were noted and these would rise to over 20 micrograms one hour 
after an injection of 2 mg. per kg. of body weight. Accumulation of drug 
was not as apparent in this group however. This may be due to the in¬ 
accuracy and inherent difficulties in its determination. A biologic titra¬ 
tion method was used employing E . coli as the test organism. Because of 
the contamination of the urine with gram-positive species which was often 
encountered, and of the inhibition of E. coli by fresh serum, it was decided 
to heat all specimens to 56°C. for \ hour. Filtration had been found to 
remove the major portion of the polymyxin. Polymyxin was also noted to 
deteriorate on standing in alkaline solution. A certain degree of loss with 
our procedure was inevitable even though the control standard solutions 
were similarly heated, either in broth or serum. The reported concentra¬ 
tions of polymyxin must therefore be considered as only approximate. 

No polymyxin was detected in the cerebrospinal fluid after its intra¬ 
muscular administration in one patient who was treated for four days. 
This patient had a purulent meningitis, in which the blood-brain barrier is 
usually more permeable than normal. In animals, no ]x>Iymy\in has been 
detected in the cerebrospinal fluid following intramuscular administration. 
When 2.0 milligrams of polymyxin was introduced intrathcrcilly at the level 
of L*, 5.0 micrograms per cc. was detected in the spinal fluid obtained 12 
hours later by cisternal puncture. 

When polymyxin in daily dosages of 4-7 mg./kg. was administered to 
patients, a lag in its urinary excretion of approximately 12 hours was noted. 
Drug then appeared in the urine, increasing rapidly, so that by 72 % 
hours approximately 60 per cent of the administered drug had been excreted. 
The concentration of polymyxin in the urine varied between 10 and 160 
micrograms per cubic milliliter. No clearance studies have been performed. 

Untoward reactions to polymyxin have been observed. The outstanding 
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POLYMYXIN 


CUMULATIVE URINARY EXCRETION OP POLYMYXIN 


11.11* B. SYD. HOOP. 



TIML IN HOURS 

Chart I. 


complication has been albuminuria, cellular casts, granulai casts, and large 
epithelial cells which appeared after 72 -96 hours of treatment. This has 
been noted in the majority of individuals treated, especially with the larger 
infrequently administered doses. The albuminuria was heralded by a 
change in pll of the urine from acid to alkaline reaction. The specific 
gravity of the urine approached 1.010. In many of the patients, the albu¬ 
minuria disappeared as treatment was continued. Azotemia was noted in 
four patients and marked oliguria was observed in one. 

Another minor reaction observed was possible drug fever after 10 days 
of therapy in an individual with chronic brucellosis. Epigastric distress, 
with anorexia, unassociated with nausea or vomiting, which persisted for a 
few hours a clay and which disappeared while treatment was being con¬ 
tinued, was noted on five occasions in four patients. A peculiar liistaminc- 
like flush following an injection was seen twice in the same patient. One 
further observation, that the temperature sometimes seemed to persist 
above 99°F. while the drug was being given, only to fall to normal .upon its 
discontinuance, may be added. Repealed blood counts, liver function 
tests, and careful questioning have not elicited other reactions of note. No 
skin rashes were observed. One patient developed an eosinophilia of 8-12 
per cent without any other signs of allergic reaction. 

Four patients treated with polymyxin have died. One was a case of 
typhoid fever treated in the fourth week of illness for 2 days with a daily 
dose of 4 mg./kg. lie was in circulatory shock, distended, and delirious 
when treatment was initiated. Sixty hours after polymyxin treatment 
was instituted, he died with jaundice, albuminuria, and hypopotassium- 
emia. The second case was a patient with Aerobacler aerogenes infection, 
carcinoma of the prostate, and lymphosarcoma of the bladder. He re¬ 
sponded well to polymyxin therapy, blood culture and temperature becom¬ 
ing normal. His blood urea nitrogen on admission was 95 mg. per 100 ml., 
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and he finally died in uremia. Post mortem examination revealed bilateral 
obstruction of the ureters by neoplasm and diffuse pyelonephritis. The 
third case was a 58-year-old male who had a septicemia, right upper lobe 
pneumonii, osteomyelitis, meningitis, and a large retroperitoneal abscess. 
He had been ill for four months and had been treated with sulfonamide 
drugs, several courses of streptomycin, and penicillin. The infecting or¬ 
ganism, K . pneumoniae Type 11, was resistant to*420 micrograms of strepto¬ 
mycin per milliliter in vitro. Its in vitro sensitivity when tested with poly¬ 
myxin was 0.3 micrograms per milliliter. His fever fell to 10()°F., blood 
cultures became negative, and the spinal fluid showed some improvement 
while on intramuscular polymyxin therapy. On the fourth clay, however, 
following a lumbar puncture, he went into shock. The spinal fluid obtained 
was thick green pus. The patient died soon thereafter. Post mortem ex¬ 
amination revealed a huge retroperitoneal abscess which had eroded the 
intervertebral disc between L 8 and Si and had perforated into the sub¬ 
arachnoid space. There was no evidence of polymyxin toxicity in the 
pathological sections. 

A patient with bacterial endocarditis due to Aerobader acrogenes second¬ 
ary to the removal of an infected kidney died in congestive heart failure 
72 hours after polymyxin treatment was begun. 

Clinical course of the patients treated with polymyxin may be summar¬ 
ized according to the type of infection present. Three cases of infection 
with Ps . aeruginosa were treated with polymyxin. Case 1 was a nine- 
year-old boy with a generalized exfoliative dermatitis which became in¬ 
fected with Ps. aeruginosa and Streptococcus hemolyticus B. He also had a 
pyelonephritis with Ps. aeruginosa as the infecting organism. He was 
gravely ill and despite large doses of penicillin, streptomycin, and sulfa¬ 
diazine did not improve. Local compresses of streptomycin were also in¬ 
effectual in ameliorating this infection. The gram-negative bacillus was 
resistant to penicillin and 50 micrograms of streptomycin jxm* cubic milli¬ 
liter in vitro. Polymyxin therapy was begun on the 20th hospital day 
after all other medication except penicillin had been discontinued. 1 to was 
given an initial dose of 20 mg. intramuscularly and 10 mg. every three 
hours thereafter (3 mg./kg./day). Blood levels of 0.6 to 2.5 micrograms 
per milliliter of scrum were noted. Treatment was continued For 20 days. 
Cultures of the urine became negative for Ps. aeruginosa within '21 hours 
and skin lesions showed a marked decrease within 72 hours, so that only 
occasional areas yielded a positive culture. These latter areas wore neg¬ 
ative for Ps. aeruginosa ten days thereafter, and only hemolytic strepto¬ 
cocci persisted. Urine examination revealed a 4+ albuminuria and casts 
on the third day which disappeared while treatment was continued. Blood 
non-protein nitrogen was 37 mg. per cent before therapy with polymyxin 
and after twenty days of treatment was 36 mg. per cent. Penicillin ther¬ 
apy was continued because hemolytic streptococci were repeatedly cultured 
from the skin areas. These lesions gradually cleared. 

Case 2 was a 13-months-old infant with a severe third degree burn of the 
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back, involving 25 per cent of body area, and second degree burns of face, 
buttocks, thighs, calves, and elbows. A first degree burn of forehead and 
ears was present. The burned areas were infected with Ps. aeruginosa. 
The child was gravely ill with a temperature of 104°F. and convulsions. 
Polymyxin was administered intramuscularly every three hours in a daily 
dose of 5 mg. ; kg. The child became afebrile, the exudate cleared rapidly, 
and cultures became negative. Skin grafting could be performed six days 
after polymyxin was begun. The child had an uneventful convalescence. 
Polymyxin was given for twelve days without complications in this case. 

Case 3 was an 8-weeks-old child admitted to Sydenham Hospital with a 
diagnosis of diphtheria and laryngeal obstruction. The diagnosis of 
diphtheria was not confirmed by cultures, but a tracheotomy was required. 
Several months later, the tracheotomy wound became infected with Ps. 
aeruginosa. Polymyxin was administered intramuscularly 7£ mg./kg./day 
divided into 3 doses. Albuminuria and casts were noted on the third day 
of therapy and the drug was discontinued. The wound infection cleared 
rapidly. 

Five cases of pertussis were treated with polymyxin for 3-5 days. The 
dosage employed varied between 3-7 £ mg. per kg. per day. The results 
arc summarized in table 1. The children under one year appeared to 
benefit from therapy. The older age group was more difficult to appraise. 

Three cases of Acrobacler acrogcncs bacteremia were treated. Blood 
cultures became negative in two within twenty-four hours after onset of 
therapy and the patients soon became afebrile. One patient with endo¬ 
carditis had a marked reduction in the number of colonies and reduction in 
fever, but died in congestive heart failure soon after therapy was begun. 
One case of peritonitis secondary to a perforated appendix was treated 
with polymyxin. The temperature fell to normal after three days and the 
patient made an uneventful convalescence. 

Two cases of acute brucellosis were treated with polymyxin for 10-14 
days. Both experienced relief of symptoms rapidly and became afebrile 
within 3 to 4 days. On follow-up several months later, both were asympto¬ 
matic. No untoward reaction was noted except for a transitory albumin¬ 
uria in one of the patients. 

A 45-year-old male with a low-grade fever and repeatedly positive cul¬ 
tures for Brucella suis , despite sulfadiazine and streptomycin therapy, was 
treated with polymyxin. Blood cultures became negative within 36 hours 
after therapy was begun. Treatment was stopped after 10 days. Blood 
cultures remained negative although a low grade fever to 100°F. persisted. 
The patient felt improved symptomatically. Twenty-six days after 
polymyxin therapy was discontinued, he developed chills and high fever. 
Two blood cultures were positive for Brucella suis. He is now under 
treatment again. This patient developed an albuminuria, casts, and fixa¬ 
tion of urinary specific gravity at 1.008-1.012 four days after polymyxin 
was begun. The albuminuria and casts disappeared despite the continua¬ 
tion of polymyxin. However, the blood urea nitrogen rose from 19 to 35 
mg. per cent. The azotemia disappeared when polymyxin was discon* 
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Table 1 
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t After onset of cough. 


tinued, and subsequent renal studies have been normal as measured by 
PSP excretion, urinary concentration and dilution tests, blood urea de¬ 
termination, and microscopic examination of the urine. 
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A 47-year-old farmer with, chronic brucellosis for several years has been 
given two courses of polymyxin. Symptomatically, no improvement has 



Chart IX. 


B.B. FEMALE AOE 27 TBS. BRUCELLOSIS 



Chart IK. 


been noted. Blood cultures were not positive either before or after treat¬ 
ment. During the first course of treatment, his temperature subsided, only 
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to recur on the 10th day. A drug reaction was suspected and the fever 
disappeared when the drug was discontinued. Subsequent trial of the drug 
caused a return of fever which subsided when it was again discontinued. 
The patient has continued to have recurring symptoms and febrile epi¬ 
sodes, and it is thought that polymyxin was without value in this patient. 

Two cases of infection with K . pneumoniae have been treated. The 
first case, who died, has been presented earlier. The second case had a 
chronic bronchiolitis and pneumonia which had been present with remis¬ 
sions and exacerbations for three years. A gram-negative bacillus classi¬ 
fied as K . pneumoniae had been persistently recovered from the sputum. 
Treatment with sulfonamides, penicillin, and streptomycin had repeatedly 
been attempted. The initial trial of streptomycin was associated with 
marked clinical improvement one year ago. However, the drug had to be 
discontinued and subsequent administration was unassociated with any 

_RTJAALE_BRUCELLA_SUIS_AGE 45 


OAY OF OBSERV 9 14 21 2 9 26 38 4 8 52 6 0 61 73 79 



clinical response. Polymyxin in doses of 3 mg./kg./per day was adminis¬ 
tered for IS days intramuscularly. Aerosol inhalations four times a day, 
of 5 cc. of polymyxin solution (0.2 milligrams per cc, of distilled water), 
were given during the same period. The sputum rapidly diminished from 
4 ounces per day to less than \ ounce per day. Cultures of the sputum 
showed fewer organisms with a disappearance of gram-negative bacilli in 
smears and cultures after 10 days of treatment. The temperature became 
normal, and serial x-rays revealed clearing of the infiltrations in the left 
upper lobe of the lung. This patient developed a mild albuminuria with 
cellular casts while on polymyxin therapy, but no azotemia. The urinary 
changes cleared when polymyxin was discontinued. Of interest was the 
development of 8-12 per cent eosinophilia in the blood while on polymyxin 
therapy. This had not been noted during the previous three years of care¬ 
ful observation. No other allergic manifestations were noted. The or¬ 
ganism was sensitive to 0.01 microgram of polymyxin per cubic centimeter. 
Numerous blood serum levels while on therapy were estimated. They 
ranged between 1.0 and 1.5 micrograms per milliliter of serum. 
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Three cases of typhoid fever and one persistent biliary carrier have been 
given polymyxin. An eleven-year-old male, ill for two weeks, was admitted 
to the Harriet Lane Home of the Johns Hopkins Hospital. Daily tem¬ 
peratures ranged between 101° and 105°F. Five blood cultures in three 
days were all positive for E. lyphosa . Widal was negative. Stool cul¬ 
tures were all postive for E. lyphosa . Polymyxin was given intramuscu¬ 
larly only. 'The initial dose was 120 milligrams (3 mg./kg.) followed by 80 
mg. three times a day. because of lack of drug, this was decreased to 60 
mg. on the third clay of therapy and discontinued on the fifth day. Blood 
levels of 5.0 to 10.0 micrograms per cubic milliliter of scrum were noted on 
this dosage schedule. 

Blood cultures 36 hours after treatment was begun were sterile and re¬ 
mained sterile for more than three weeks. Stool cultures became negative 
for E . lyphosa within one week and remained repeatedly negative for three 
weeks. The temperature fell to normal on the fourth day and after a few 
elevations to 102°F. again returned to normal limits. Three weeks after 
polymyxin had been discontinued, fever returned, blood cultures and stool 
cultures became positive for E. typhosa , and the patient experienced a re¬ 
lapse of disease. 

This patient had a 2-f- albuminuria and fixation of urinary specific grav¬ 
ity at 1.010 upon admission. While on polymyxin therapy, a 3+ albu¬ 
minuria was noted with the appearance of occasional cellular casts. An 
oliguria of approximately 125 cubic milliliters per day was noted. This 
gradually disappeared during the week after polymyxin was discontinued. 
The non-protein nitrogen of the blood rose progressively from 19 mg. per 
100 ml. of blood to 68 110 mg. per 100 ml. Two weeks after polymyxin 
therapy had been begun, the non-protein nitrogen was 172 mg. per cent. 
Blood chlorides w f erc reduced to as low as 89 milliequivaients. The azo¬ 
temia and hypochloremia gradually disappeared during the next two weeks. 
The albuminuria has persisted. This case is an example of temporary 
bacteriological and clinical response complicated by oliguria in a pre¬ 
viously damaged kidney. The brother of this patient died and has been 
discussed earlier in this presentation. 

A 62-ycar-olcl male admitted to the Johns Hopkins Hospital with right 
lower lobe pneumonia, phlebitis, prostatic obstruction, and high fever, was 
treated with penicillin and streptomycin without improvement. He 
developed a rash on the abdomen, and blood and stool cultures were subse¬ 
quently reported positive for JL lyphosa . The patient was gravely ill. 
Polymyxin in doses of 4 mg./kg. per day was given intramuscularly for 
Ave days. Temperature fell to 102°F. within 24 hours and thereafter to 
normal on the fifth day after treatment was instituted. Blood and stool 
cultures were negative for E. typhosa subsequent to polymyxin therapy, 
except for one stool culture on the second day of treatment. A transient 
increase of albuminuria was noted on the fourth day unaccompanied by 
azotemia. The patient had required an indwelling catheter, and one month 
later a suprapubic prostatectomy was performed. The patient made an 
uneventful recovery. 
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A 27-year-old female had experienced a mild illness during an epidemic 
of typhoid one year earlier. Her daughter had had clinical typhoid fever. 
In March, 1948, a cholecystectomy had been performed which resulted in a 
biliary fistula. Drainage from the fistula was found repeatedly to contain 
E. typhosa . The patient was treated with polymyxin intramuscularly, 120 
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mg. as an initial dose and 60 mg. three times a day thereafter. On the fifth 
day of therapy, albuminuria, nausea, and epigastric distress was noted. 
Polymyxin therapy was discontinued with an immediate subsidence of 
nausea and albuminuria. The biliary cultures became negative 48 hours 
after therapy was instituted and have remained negative to date. 
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Summary and Conclusions 

A total of twenty-two patients suffering from numerous types of infection 
caused by the gram-negative bacilli have been treated with polymyxin. 
The results are summarized in t\bus 2. The chief complication encoun¬ 
tered in the course of therapy has been renal toxicity, manifested by al¬ 
buminuria, (dlular casts, a fixation of specific gravity of the urine, and 
azotemia. In the majority of the cases, the albuminuria has been transi¬ 
tory and the more severe evidence of damage has been limited to those 
patients who had preexisting renal impairment. Nausea, and anorexia 
with occasional epigastric distress has been observed in four patients. 
These symptoms have disappeared when treatment was discontinued and, 
on two occasions, even while therapy was continued. An eosinophilia of 
8 12 per cent was noted in the blood of one patient. Probable drug fever 
was observed in a patient treated for chronic undulant fever. The results 
with local therapy with polymyxin have not been included in this report. 

Polymyxin appears to be a valuable antibiotic for the treatment of in¬ 
fections due to the gram-negative group of microorganisms, and it is hoped 
that further purification will eliminate the risk of renal damage so that 
clinical appraisal and application may be extended. 



REMARKS ON CLINICAL RESULTS WITH POLYMYXIN 

A AND B 


By George Browmlee 

The Wellcome Physiological Research Laboratories, Beckenham , Kent , Jinglaml 

The first clinical report on the use of lhe selectively Gram-negative anti¬ 
biotic polymyxin A (“Aerosporin”) was the preliminary observations of 
Swift 1 on the treatment of pertussis. This clinical demonstration was 
restricted to 10 unselected patients, mostly late in the disease, and com¬ 
plicated by secondary invaders, the organism being isolated in only one 
instance. Swift’s scheme of dosage was between 0.4 to 0.8 mg. per kg., 
4-hourly for five days, and was related to a blood level of 0.2 jug. to 0,4 jag. 
per ml. 

He was able to conclude that the disease was aborted dramatically in 
early pertussis, and significantly modified in late disease. 

Additional Cases 

Pertussis: P. N. Swift, M.R.C.S., M.R.C.P., Paediatric Unit, The County 
Hospital, Farnborough, Kent. 

In a further series of 17 children with pertussis who were ticall'd with 
0.5 mg. per kg., Swift has verified his earlier observations. In infants 
treated early in the disease, the response is dramatic; the older child appears 
to have the course of the disease shortened. Of the 17 children, 8 were 
treated with polymyxin B, in which instances proteinuria was not observed. 

Pertussis: L. J. M. Laurent, M.D., M.R.C.S., Park Hospital, Hither 
Green, London. 

Laurent treated 17 children with pertussis, from which the causal organ¬ 
ism was isolated before therapy, with a dose of 0.5 mg. per kg., 4-hourly 
for 5 days. Eight of the patients were treated with* polymyxin A together 
with methionine. In spite of this attempt to protect against the nephro¬ 
toxic action of polymyxin A, a transient proteinuria developed on t ho 5th 
day. Seven patients treated with iwlymyxin B, showed only the mildest 
proteinuria of temporary duration. It is Laurent’s opinion that the 
only patient to respond dramatically is the small infant, severely ill with 
vomiting and paroxysms. This disease aborts in 3 clays or less. Half of 
the total observations were in this category, and the other half showed 
shortening of the usual course of the disease. 

Pertussis: N. M. ( outts, M.1L, M.R.C.S., Brook Hospital, Shooter’s 
Hill, London. 

In this series of 10 patients with proved pertussis treated with polymyxin 
B, the dose was 0.5 mg. per kg. 4-hourly for five days. With the exception 
of a boy of 5 years, who was removed from hospital on the sixth clay, all 
were children of less than one year old, who improved. However, three 
patients were not treated until the fourth week of disease. In the remain¬ 
ing six children the disease was aborted. 

In all but two instances, there was pyrexia during treatment but no 
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marked constitutional disturbance. There were a few mild local reactions, 
and one case of albuminuria. 

Gemto-urlnary injections: C. 0. Cookson, M.B., F.R.C.S., L.R.C.P., 
The County Hospital, Farnborough, Kent. 

Fight examples of urinary infection with complications were treated with 
polymyxin B. 

Two patients, one a cystitis and epididymitis of E . coti and Ps. aeru¬ 
ginosa origin, and the second a cystitis and orchitis of E. coli origin, were 
bactcriologically cured after a 3-day scheme of dosage. The infection of 
two others, one a cystitis with diverticulum of the bladder with E. coli , 
and the other a prostatitis of E. coli and Ps, aeruginosa origin, were tem¬ 
porarily controlled, with a return of the infection when treatment ceased. 

The remaining four patients were of mixed infections with sensitive or¬ 
ganisms, E. coli and J*s. aeruginosa , together with insensitive organisms, 
Pr, vulgaris and a streptococcus. With the exception of one patient with 
pyonephrosis, polymyxin B eliminated the sensitive organisms. 

The dose of polymyxin B was standardized at 20 mg. 1-hourly, for the 
first four patients for three days, and the remainder for live. The ideal 
scheme of dosage cannot be determined from this small series. The re¬ 
lapse of the patient with prostatitis due to Ps . aeruginosa after 3 days of 
treatment indicated the need for a more prolonged course. 

It may be concluded that parenteral polymyxin B can eliminate sensitive 
organisms from the genito-urinary tract. Cures may be effected when the 
causal organism is sensitive and in the absence of anatomical defects. 
Even in the latter patients, the organisms disappear sufficiently long for 
surgical interference to be made. 

Typhoid Carriers: \V. W. Kay, M.D., Ch.B., and C. K. McDonald* 
M.B., Ch.B., West Park Mental Hospital, Epsom, Surrey. 

Preliminary observations which have been made on a small series of four 
adult typhoid carriers have been useful in establishing the fact that 100 mg. 
(but not SO mg.) of polymyxin Ii given 4-hourly will rapidly eliminate sensi¬ 
tive organisms from the gut. The typhoid carriers have, up to date, all 
again become exerctors after variable periods of time. The oral therapy is 
now being combined with parenteral. 

Oastro-enlerills ‘-infants; 1. A. B. Cathie, M.D., The Hospital for Sick 
Children, Great Ormond Street, London. 

Cathie has observed the effect of an oral dose of SO mg. daily of polymyxin 
B given 6-hourly for 4 days, on an unselectccl scries of 20 infants suffering 
from gastro-enteritis. These trials were arranged in a Latin-square ex¬ 
periment in which the nature of the medicament within the treated groups 
was unknown to the physician. Of the 20 cases treated with polymyxin B 
the clinicians picked out 7 which recovered atypically quickly and in some 
cases dramatically. An additional 2 cases got better quicker than expected 
but were not so striking. In the remainder, there was no atypical clinical 
response which the clinician could detect. 

Coliform organisms disappeared completely in 5 cases and were markedly 
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reduced in 8 others. No correlation was observed between those sterilized 
and those which improved clinically. Two cases relapsed immediately, 
but one was a case of eczema in which it was expected. 

Gastro-enteritis — Infants: P. N. Swift, M.R.C.S., M.R.C.P., Paediatric 
Unit, The County Hospital, Farnborough, Kent. 

Swift has used an oral dose of 4 mg. per kg. every four hours for live days, 
since this dose usually sterilizes the gut of the Gram-negative flora. If is 
experience has been limited to a series of 18 infants in which drug therapy 
has been used as an adjunct to a scheme of management. In only one 
infant, severely ill, was there dramatic recovery. All cases showed clinical 
improvement. Thus, from the analysis of weight records kept for i weeks 
after treatment, the treated cases are identified by their deviation above the 
mean and the untreated cases by iheir deviation below, or deviation 
by death. 

In a further limited series of cases, there appear to be additional advan¬ 
tages in progressively diminishing treatment over a total period of eight 
days. It appears that the re-establishment of a gram-negative flora repre¬ 
sents a critical time in the life of the gastro-enteritis patient. 

Gastro-enteritis—Infants: Tom Anderson, M.D., F.R.C.P., Knightswood 
Hospital, Anniesland, Glasgow. 

This observation is restricted to four infants who made an uneventful 
recovery on a five-day therapy of 2 mg. 4-hourly by mouth. One severely 
ill infant received in addition 0.2 mg. 4-hourly systemically. 

Gastro-enteritis — Infants: Essentially similar effects have been observed 
at two additional centers with the same doses orally. F. Kane, M.D., 
Purdysburn Hospital, Belfast, Ireland, has observed a small series of four 
infants who responded favorably, and J. Smith, D.Sc., M.D., City Hospital, 
Aberdeen, has commented on the favorable effects in a series of 12 infants, 

Gastro-enteritis of various origin—Adults: The experimental observation 
that 100 mg. (1 mega unit) of polymyxin B given 4-hourly for three to five 
days will substantially eliminate Gram-negative organisms from the gut, 
has been pressed into service to treat gastro-enteritis of various origin in 
the adult. 

A patient was successfully treated as judged by clinical recovery and bac¬ 
teriological elimination of the causal organism, Sal ty phi murium . 
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